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ABSTRACT
F u r t h e r  p r e p a r a t i v e  and Raman s p e c t r o s c o p i c  i n v e s t i g a t i o n s  o f  
p r o d u c t s  d e r i v e d  f r om  r e a c t i o n s  o f  p ho s ph o rus  ( I I I )  h a l i d e s ,  b o ron  
t r i h a l i d e s  and h a lo g e n s  have been made. A new compound o f  e m p i r i c a l  
f o r m u l a  been f o r m u l a t e d  ^ 2] [
may be c o n s i d e r e d  as th e  p a r e n t  o f  a s e r i e s  i n v o l v i n g  th e  /  PCI B r . " ^ 7£ n 4 -n  /
C o ^  n ^  4)  c a t i o n s .  The s t r u c t u r a l  i m p l i c a t i o n s  o f  th e  p ro posed  
s i n g l e  h a l i d e  a n i o n s  and t h e  r e l a t i o n s h i p  o f  t h e  compounds to  
m e t a s t a b l e  PC l^  (Phase I I I )  i s  d i s c u s s e d ;  changes w h ic h  o c c u r  on 
h e a t i n g  have been m o n i t o r e d  by Raman and mag ic  a n g le  r o t a t i o n  NMR 
s p e c t r o s c o p y .  A f u r t h e r  compound a n a lo g o u s  t o  F ^ C lg B r  has been 
r e p o r t e d .
The compounds MePCl^,  Me2p C l^  and Me^PCl^ were p re p a re d  and 
31Raman and P mag ic  a n g le  r o t a t i o n  IMMR measurements s u p p o r t  i o n i c
f o r m u l a t i o n s  c o n t a i n i n g  s i n g l e  h a l i d e  i o n s .  Complexes o f  t h e s e  w i t h
Lew is  a c i d s  were made and t h e  c h a r a c t e r i s t i c  s h i f t s  a s s o c i a t e d  w i t h
t h e  p re s e n c e  o f  s i n g l e  h a l i d e  i o n s  i n  t h e  Raman s p e c t r a  o f  t h e
phosphon ium c a t i o n s  were o b s e r v e d .  Mixed c h lo ro b ro m o  c a t i o n s  o f
t h e s e  m e t h y l p h o s p h o r a n e s  were  p r e p a r e d  and t h e i r  Raman s p e c t r a
p a r t i a l l y  a s s i g n e d .
C o n v e n t i o n a l  m a t r i x  i s o l a t i o n  as w e l l  as l o w  t e m p e r a t u r e
s u b l i m a t i o n  e x p e r i m e n t s  were p e r f o r m e d  on th e  v a p o u r s  above P C l ^ ,
PBr and MePCl , Monomer ic  s p e c i e s  were  o b s e rv e d  f o r  b o t h  PCI and 5 4 0
MePCl^ b u t  d e c o m p o s i t i o n  o c c u r r e d  w i t h  P B r^ ,  I n  th es e  s t u d i e s  Raman 
s p e c t r a  were m o n i t o r e d  f r om  15K t o  a m b ie n t  t e m p e r a t u r e s  and th e  
c o n v e r s i o n  o f  c o v a l e n t  t o  i o n i c  s p e c i e s  was o b s e r v e d .
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CHAPTER 1 
THE PHOSPHORUS (V )  HALIDES
1.1 INTRODUCTION
The p ho s phorus  ( v )  h a l i d e s  e x h i b i t  a f a s c i n a t i n g  v a r i e t y  i n
t h e i r  s t r u c t u r e s  amongst  b o t h  t h e  s i n g l e  h a l o g e n  and mixed h a lo g e n
s u b s t i t u t e d  s p e c i e s .  Phase changes o f t e n  p ro d u c e  some s i g n i f i c a n t
s t r u c t u r a l  changes and t h e r e  i s  a l s o  a p o t e n t i a l l y  l a r g e  number o f
i s o m e r i c  p o s s i b i l i t i e s  amongst  t h e  mixed h a l o g e n  compounds.  T h i s
has l e d  t o  much i n t e r e s t  i n  such sys tems  s i n c e  t h e  s o l i d  s t a t e
s t r u c t u r e s  o f  pho sph o rus  p e n t a c h l o r i d e  and p e n t a b r o m id e  were f i r s t
d e t e r m i n e d  i n  t h e  e a r l y  1 9 4 0 ' s .
1 . 1 . a SINGLE HALOGEN PENTAHALIDES
Ph osphorus  p e n t a f l u o r i d e ,  p e n t a c h l o r i d e  and p e n t a b r o m id e  are
( 1—7 )w e l l  known and t h e i r  p r o p e r t i e s  w e l l  documented . A l s o ,  more
( 8 )r e c e n t l y ,  a c l a i m  f o r  t h e  p r e p a r a t i o n  o f  t h e  p e n t a i o d i d e  has appeared
Gaseous p ho s phorus  p e n t a f l u o r i d e  has been shown by e l e c t r o n  
( 9 )d i f f r a c t i o n  t o  have a t r i g o n a l  b i p y r a m i d a l  s t r u c t u r e  (D^^  symmetry )
(1Ô) 19 (11 )
and t h i s  i s  s u p p o r t e d  by v i b r a t i o n a l  s p e c t r o s c o p y  and F NMR .
F u r t h e r  s t u d i e s  have shown t h a t  t h e  a x i a l  bonds a re  s l i g h t l y  l o n g e r
t h a n  th e  e q u a t o r i a l  bonds ^^ ^ and ^^F NMR i n d i c a t e s  a r a p i d  exchange
(17 )r a t e  o f  t h e s e  n o n - e q u i v a l e n t  f l u o r i n e  atoms . Phosphorus  p e n t a -
f l u o r i d e  has been o b s e rv e d  i n  t h e  s o l i d  s t a t e  und e r  p r e s s u r e  b u t  n o t h i n g
^5 
( 9 0 )
( 18 )i s  known o f  i t s  s t r u c t u r e  '  . The Raman s p e c t r u m  o f  condensed PF^
v a po u r  a t  80K has been r e c o r d e d  and a D^^  s t r u c t u r e  i s  i n d i c a t e d  
The p r e s e n t  work  i s  p r i m a r i l y  conc e rn ed  w i t h  p ho s pho rus  p e n t a c h l o r i d e
77
and p e n t a b r o m id e  and a more d e t a i l e d  c o n s i d e r a t i o n  o f  t h e  p e n t a f l u o r i d e  
w i l l  n o t  be g i v e n  h e r e .
I n  t h e  gas p hase ,  p ho s p h o ru s  p e n t a c h l o r i d e  e x i s t s  as a t r i g o n a l  
b i p y r a m i d a l  monomer sym metr y )  w h i c h  i s  i n  e q u i l i b r i u m  w i t h
p ho s ph o rus  t r i c h l o r i d e  and c h l o r i n e  T h i s  l a t t e r  d i s s o c i a t i o n
o c c u r s  t o  t h e  e x t e n t  o f  13.5% a t  150°C and i s  n e g l i g i b l e  a t  25°C
(28 29)
The s t r u c t u r e  o f  t h i s  m o l e c u l e  was e s t a b l i s h e d  by X - r a y  d i f f r a c t i o n  *
and e l e c t r o n  d i f f r a c t i o n  w i t h  c o n f i r m a t o r y  e v i d e n c e  f r om  i n f r a - r e d  ^
(32 )and Raman s p e c t r o s c o p y  . The p re s e n c e  o f  t h i s  s p e c i e s  i s  a l s o  
i n d i c a t e d  as p ho s phorus  p e n t a c h l o r i d e  m e l t s  ( 3 3 , 3 4 , 3 5 , 3 6 ) ^  Mass s p e c t r o -  
m e t r i c  e v id e n c e  on t h e  gas phase s u g g e s t s  t h a t  t h e r e  may be some assoc ­
i a t i o n  t o  g i v e  u n i t s  w h i c h  a re  p r o b a b l y  d o u b l y  condensed
o c t a h e d r a  (3'7>3B)^
I n  t h e  s o l i d  s t a t e  p ho s ph o rus  p e n t a c h l o r i d e  i s  a p a l e  y e l l o w  c r y s t a l ­
l i n e  compound w h i c h  has been shown by s i n g l e  c r y s t a l  X - r a y  d i f f r a c t i o n  
t o  c o n s i s t  o f  P C l ^ *  and PCl^  u n i t s  d i s p o s e d  i n  a t e t r a g o n a l  a r rangemen 
( 3 9 , 4 0 , 4 1 ) ^  The P -C l  bond l e n g t h  i s  g r e a t e r  i n  t h e  o c t a h e d r a l  a n io n  
(2 .04% e q u a t o r i a l ,  2.08% a x i a l )  t h a n  i n  t h e  t e t r a h e d r a l  c a t i o n  ( 1 .9 6 % ) .
T h i s  may a c c o u n t  f o r  t h e  p r e f e r e n t i a l  f l u o r i n a t i o n  o f  t h e  a n io n  i n  some
n t s  
( 4 3 )
r e a c t i o n s  ( ^ ^ ^  and a l s o  t h e  r e s u l t s  o f  r a d i o a c t i v e  exchange e x p e r i m e
i n  w h ic h  exchange w i t h  t h e  a n i o n  o c c u r s  f a s t e r  t h a n  w i t h  t h e  c a t i o n
The i n f r a - r e d  and Raman s p e c t r a  o f  s o l i d  p ho s pho rus  p e n t a c h l o r i d e  
have been much s t u d i e d   ^ and p r o v i d e  t e x t  book examples o f  th e
s p e c t r a  o f  i s o l a t e d  t e t r a h e d r a l  PC l^ ^  and o c t a h e d r a l  P C l ^ "  i o n s ,  f u l l y
18
c o n s i s t e n t  w i t h  t h e  X - r a y  w o r k .  The p re s en c e  o f  t h e s e  two s p e c i e s  i s  
e a s i l y  r e c o g n i s e d  i n  t h e  s o l i d  s t a t e  NMR s p e c t r a  ( 4 9 - 5 1 )  ^ ^ ^ h  two
w i d e l y  s e p a r a t e d  s h i f t s  ( + 8 8 . 3  ppm ( P C l ^ ^ ) ,  - 2 9 9 . 7  ( P C l ^ " )
r e l a t i v e  t o  85% H^PQ^) .
I t  has been shown by b o t h  i n f r a - r e d  ( ^ ^ ^  and Raman s p e c t r o s c o p y  ( ^ ^ ^  
t h a t  when pho s ph o rus  p e n t a c h l o r i d e  v a po u r  i s  condensed o n t o  a c o l d  
s u r f a c e  a t  a b o u t  80K a s o l i d  c o n s i s t i n g  o f  th e  c o v a l e n t  t r i g o n a l  
b i p y r a m i d a l  s p e c i e s  i s  o b t a i n e d  and t h a t  on warming t h i s  i r r e v e r s i b l y  
t r a n s f o r m s  t o  t h e  PCI/*"PC1 m o d i f i c a t i o n .  ^ ^ C l  NQR ( 3 3 , 5 4 )  h ea t
4 D
( 55 )
c a p a c i t y  measurements  '  show s i m i l a r  b e h a v i o u r .
PC l^^P C lg  i s  n o t ,  h ow eve r ,  t h e  o n l y  documented s o l i d  s t a t e  i s o m e r
o f  p ho s ph o rus  p e n t a c h l o r i d e .  I n  1956,  Popov e t  a l  ( ^ ^ ^  p re p a re d  a
sample  o f  pho sph o rus  p e n t a c h l o r i d e  by s u b l i m a t i o n  whose X - r a y  d i f f r a c t i o n
p a t t e r n  d i f f e r e d  f r om  t h a t  o f  t h e  " n o r m a l "  c r y s t a l l i n e  f o r m .  I n  a
( 3 )r e v i e w  a r t i c l e  Payne r e p o r t s  "Samples o f  phospho rus  ( v )  c h l o r i d e
o b t a i n e d  f r om  a s o l v e n t  such as c a rb o n  t e t r a c h l o r i d e  o r  by s u b l i m a t i o n
QVe fo un d  to  g i v e  powder  p a t t e r n s  d i f f e r e n t  f r om  th os e  found  w i t h
m a t e r i a l  c r y s t a l l i s e d  f r om  n i t r o b e n z e n e " .  A Raman s p ec t r um  o f  some
( 57 )s u b l im e d  pho sph o rus  p e n t a c h l o r i d e  was fo un d  to  d i f f e r  m a r k e d l y  f rom
t h a t  o f  P C l ^ ^ P C l ^ "  w i t h  t h e  i n t e n s i t y  o f  t h e  f o u r  f u n d a m e n t a l s  a s s i g n a b l e
to  t h e  PCl^"*" c a t i o n  b e in g  c o n s i d e r a b l y  g r e a t e r  t h a n  the  t h r e e  a s s o c i a t e d
w i t h  t h e  P C I . "  a n i o n .  V a r i a b l e  t e m p e r a t u r e  Raman s t u d i e s  by Shore 
6
newand l a t e r  D . 5 . C .  o b s e r v a t i o n s  ( 5 1 b , 6 1 c , 156)  ^n Q ^c a te d  t h a t  t h i s  
fo rm  o f  p hosphorus  p e n t a c h l o r i d e  t r a n s f o r m e d  on h e a t i n g  to  th e  normal  
and a b u n d a n t l y  c o n f i r m e d  P C l ^ ^ P C l ^ " .  T h i s  b e h a v i o u r  r e s u l t e d  i n  t he  
new phase a c q u i r i n g  th e  name " m e t a s t a b l e
19
p ho s p h o ru s  p e n t a c h l o r i d e " .  More r e c e n t l y  i n  a s e r i e s  o f  r e p o r t s  by
W h a l l e y  and c o - w o r k e r s  60 )^  t h e  b e h a v i o u r  o f  n o rm a l  pho spho rus
p e n t a c h l o r i d e  (Phase I I )  u n d e r  h i g h  p r e s s u r e s  was i n v e s t i g a t e d  by s o l i d  
31s t a t e  P NMR and Raman s p e c t r o s c o p y .  The p re s e n c e  o f  a s p e c i e s
2PC1^ PCl^  C l  (Phase I I I )  was i n f e r r e d  as d i s t i n c t  f r om  t h e  nor ma l
Phase I I  m o d i f i c a t i o n  ( P C l ^ ^ P C l ^ ” ) .  They s p e c u l a t e d  t h a t  t h i s  r e s u l t e d
f r o m  t h e  d i s s o c i a t i o n  o f  a h e x a c h l o r o p h o s p h a t e  i o n  i n  t h e  f o l l o w i n g  m anne r : -
P C l ^ "  > P C l / + 2 C l “
6 4
and t h a t  t h i s  t y p e  o f  comp lex  h a l i d e  s i n g l e  h a l i d e  d i s s o c i a t i o n  m ig h t  
be r e p r e s e n t a t i v e  o f  a g e n e r a l  c l a s s  o f  s o l i d - s t a t e  r e a c t i o n s .  The
Raman s p e c t ru m  o f  t h i s  Phase I I I  m o d i f i c a t i o n  was t h e  same as t h a t
( 57 )o b t a i n e d  by B a um g ar tn e r  e t  a l  on a s u b l i m e d  sample  o f  pho spho rus
p e n t a c h l o r i d e .  A l s o  a t  a m b ie n t  t e m p e r a t u r e s  Phase I I I  was o b s e rv e d  to  
c o n v e r t  s l o w l y  t o  Phase I I  60 )^  t h e  same r e s u l t  as obs e rv e d  by
e a r l i e r  s t u d i e s  on " m e t a s t a b l e  P C l ^ "  ( 3 1 a ) ^  Thus i t  i s  r e a s o n a b l e  t o  
assume t h a t  " m e t a s t a b l e  P C l ^ "  and Phase I I I  a re  t h e  same and may be 
f o r m u l a t e d  as 2PC1^ PCl^  C l  .
The b e h a v i o u r  o f  pho sph o rus  p e n t a c h l o r i d e  i n  s o l u t i o n  i s  s t r o n g l y
depen de n t  upon t h e  n a t u r e  o f  t h e  s o l v e n t .  I n  s o l v e n t s  such as benzene,  
c a r b o n  d i s u l p h i d e  and c a rb o n  t e t r a c h l o r i d e  i t  has been shown by i n f r a ­
re d  and Raman s p e c t r o s c o p y  and a l s o  c r y o s c o p y  t h a t  m o l e c u l a r  phosphor us  
p e n t a c h l o r i d e  o f  D^ i-, symmetry  e x i s t s ,  as i n  t h e  gas phase ( ^ 9 , 3 1 , 3 5 , 4 6 ,  
6 2 , 6 3 ) ^  The p re s e n c e  o f  t he  monomer i n  c a rb o n  t e t r a c h l o r i d e  s o l u t i o n  
has e n a b le d  r a d i o a c t i v e  t r a c e r  e x p e r i m e n t s  t o  d e m o n s t r a t e  t h e  non­
e q u i v a l e n c e  o f  t h e  a p i c a l  and e q u a t o r i a l  c h l o r i n e  atoms ( 5 4 , 6 5 ) ^  How-
20
e v e r ,  i n  p o l a r  s o l v e n t s  such as a c e t o n i t r i l e  and n i t r o b e n z e n e  pho sphorus
p e n t a c h l o r i d e  i s  e l e c t r i c a l l y  c o n d u c t i n g  ( 5 5 , 5 7 )  a l t h o u g h  most
e a r l y  w o r k e r s  a g reed  t h a t  t h e  t e t r a c h l o r o p h o s p h o n i u m  c a t i o n  ( P C l ^  ) was
p r e s e n t  i n  such s o l u t i o n s  t h e  p re s e n c e  o f  t h e  h e x a c h l o r o p h o s p h a t e  a n io n
( P C l ^ " )  was a s o u r c e  o f  d i s p u t e  ( 4 8 , 5 6 , 6 8 , 6 9 , 7 0 ) ^  T h i s  was r e s o l v e d  by 
( 63 1S h o r e ' s  g roup  who, v i a  Raman s p e c t r o s c o p y  and c r y o s c o p y ,  have
p r o v i d e d  e v id e n c e  f o r  two c o m p e t i n g  e q u i l i b r i a  i l l u s t r a t e d  be low  and 
r tw
showèd t h a t  ( 2 )  p re d o m in a t e d  a t  l o w e r  c o n c e n t r a t i o n s ,
1) 2PC1^.------^ P C l ^ *  +PC1^-
2 ) PC1^ T = ^  + c i "
O th e r  pho sph o rus  p e n t a c h l o r i d e / s o l v e n t  sys tems  o f  p a r t i c u l a r  
i n t e r e s t  i n  t h i s  s t u d y  a re  a n y h y d rou s  l i q u i d  h y d rog en  c h l o r i d e  and 
a r s e n i c  t r i c h l o r i d e .  I n  t h e  f o r m e r ,  s o l u t i o n  Raman s t u d i e s  have shown 
c o m p le t e  i o n i z a t i o n  t o  o c c u r  ( ^ ^ ^  as 
PCl^  + H C l— >PC1^'^ + H o l l ­
and t h i s  i s  s u p p o r t e d  by ^"*P NMR s t u d i e s  i n  t h e  same s o l v e n t
I n  t h e  l a t t e r  t h e  p r o c e s s  i s  more u n c e r t a i n .  C o n d u c t i v i t y
t i t r a t i o n s  o f  such a s o l u t i o n  w i t h  té t r a m é t h y la m m o n iu m  c h l o r i d e
(71 )s o l u t i o n  have i n d i c a t e d  c h l o r i d e  i o n  t r a n s f e r  t o  t h e  s o l v e n t  
s u g g e s t i n g  t h e  r e a c t i o n
PCl^ + AsCl^ > PCl^* AsCl^"
a l t h o u g h  f r om  a s o l u t i o n  o f  pho sph o rus  p e n t a c h l o r i d e  i n  a r s e n i c  t r i ­
c h l o r i d e  an a d d u c t  P^C l .^^ -SAsC l^  may be o b t a i n e d  w h ic h  i s  based upon
a P C l . ^ P C l g "  l a t t i c e  w i t h  t h e  AsCl_ as m o l e c u l e s  o f  c r y s t a l l i s a t i o n  4 o j
s t r u c t u r a l l y  pho spho rus  p e n t a b r o m id e  i s  v e r y  d i f f e r e n t  f r om  th e
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p e n t a c h l o r i d e .  I n  t h e  gas phase t h e r e  i s  no e v id e n c e  f o r  t h e  e x i s t e n c e  
o f  monomer ic  PBr^  m o l e c u l e s ;  v a p o u r - p r e s s u r e  measurements 
t h e  s p e c i e s  above s o l i d  pho sph o rus  p e n t a b r o m id e  s u g g e s t  c o m p le te  d i s ­
s o c i a t i o n  i n t o  pho s ph o rus  t r i b r o m i d e  and b r o m i n e ,  a t  l e a s t  above 305K,
I n  t h e  s o l i d  s t a t e ,  pho sph o rus  p e n t a b r o m id e  i s  an o r a n g e - y e l l o w  
c r y s t a l l i n e  compound w h ic h  has been shown by s i n g l e  c r y s t a l  X - r a y  d i f ­
f r a c t i o n  t o  c o n s i s t  o f  P B r^ *  and B r "  u n i t s  d i s p o s e d  o r t h o r h o m b i c a l l y  
( 7 5 - 7 7 ) ^  The ave rag e  P -B r  bond l e n g t h  i s  2,15% w h i l s t ^ B r ” . . . • Br  non 
b o n d in g  d i s t a n c e  i s  3 .12%.
Raman s p e c t r o s c o p y  has s u p p o r t e d  t h i s  o b s e r v a t i o n  w i t h  th e
(78 79)c h a r a c t e r i s t i c  f o u r - b a n d  s p e c t r a  o f  a t e t r a h e d r a l  s p e c i e s  '  * , The
31s o l i d  s t a t e  P NMR s p e c t ru m  o f  pho s ph o rus  p e n t a b r o m id e  p ro du c es  a 
s i n g l e  r esonance  a t - 1 0 4  ppm ( r e l a t i v e  t o  85% H^PO^) w h ic h  a g a in  i s
c o n s i s t e n t  w i t h  t h e  p re s e n c e  o f  P B r^ *  as t h e  o n l y  p h o s p h o r u s - c o n t a i n i n g  
m o i e t y .
The b e h a v i o u r  o f  p ho s ph o rus  p e n t a b r o m id e  i n  s o l u t i o n  i s  more con­
t e n t i o u s .  A m o l e c u l a r  w e i g h t  s t u d y  i n  benzene and p h o s p h o r y l  c h l o r i d e  
i n d i c a t e d  c o m p le t e  m o l e c u l a r  d i s s o c i a t i o n  i n  t h e  f o r m e r  and e l e c t r o l y t i c  
d i s s o c i a t i o n  i n  t h e  l a t t e r  The m o l e c u l a r  d i s s o c i a t i o n  i n  ca rb on
t e t r a c h l o r i d e  was shown c o l o r i m e t r i c a l l y  and s p e c t r o p h o t o m e t r i c a l l y  to  
be c l o s e  to  90% b u t  a f u r t h e r  s t u d y  o f  t h i s  s y s te m ,  t o g e t h e r
w i t h  s o l u t i o n s  i n  c a rb on  d i s u l p h i d e ,  e t h y l e n e  c h l o r i d e  and phosphor us
(83 )t r i b r o m i d e ,  r e v e a l e d  an even l o w e r  p e r c e n t a g e  o f  d i s s o c i a t i o n  .
T r a n s p o r t  e x p e r i m e n t s  i n  a c e t o n i t r i l e  showed p hosphorus  p e n ta b r o m id e  to  
be an e l e c t r o l y t i c  c o n d u c t o r  and P B r . *  and PBr^ were p o s t u l a t e d  as the
22
i o n i c  s p e c i e s  p r e s e n t  ( 3 , 8 4 ) ^  ^ r e v i e w  a r t i c l e   ^ q uo te d  a r e p o r t
t h a t  th e  NMR s p e c t ru m  o f  P B r ^ * B r  i n  CS^ s o l u t i o n  i n d i c a t e d  the
( 85 )p re s e n c e  o f  a d i s t i n c t  s p e c i e s  , a l t h o u g h  th e  c u r r e n t  Raman
s t u d y  s u g g e s t s  t h a t  o n l y  PBr^ and B r ^  a re  f o rm e d .  However ,  more 
31r e c e n t  P NMR s t u d i e s  o f  pho s ph o rus  p e n t a b r o m id e  i n  a w ide  v a r i e t y  
o f  non p o l a r  s o l v e n t s  has n o t  i n d i c a t e d  th e  p re s en c e  o f  any i o n i c  
s p e c i e s ,  b u t  o n l y  p ho s ph o rus  t r i b r o m i d e  -  one o f  t h e  m o l e c u l a r  d i s ­
s o c i a t i o n  p r o d u c t s
Phosphorus  p e n t a i o d i d e  i s  n o t  w e l l  documented .  I t  was r e p o r t e d  i n
a t e x t b o o k  as b e in g  "a  d a r k  red  p r i s m a t i c  s u b s t a n c e "  b u t  no d e t a i l s  were 
( 8 7 )g i v e n  . More r e c e n t l y  a s y n t h e s i s  f rom  phosphorus  p e n t a c h l o r i d e  and
(8 )a l k a l i  m e t a l  i o d i d e s  i n  m e t h y l  i o d i d e  was r e p o r t e d  and some r e a c t i o n s
were d i s c u s s e d .  No s t r u c t u r a l  d a t e  were g i v e n  b u t  t h e  c o n c l u s i o n s  drawn
31f r om  c r y o s c o p y  and P NMR i n  m e t h y l  i o d i d e  su g g e s te d  an i o n i c  s t r u c t u r e  
P I ^ * I  , s i m i l a r  to  P B r^ * B r  , However ,  o t h e r  P NMR s o l u t i o n  d a t a  has 
i n d i c a t e d  a d e c o m p o s i t i o n  i n t o  p ho s p h o ru s  t r i i o d i d e  and i o d i n e  w i t h  no 
e v id e n c e  f o r  any i o n i c  o r  m o l e c u l a r  p hospho rus  . ( V) s p e c i e s  ( ^ 8 ) ^
1 . 1 . b MIXED -HALOGEN PENTAHALIDES
a
The most  r i g o r o u s l y  i n v e s t i g a t e d  m ix e d - h a l o g e n  p e n t a h l i d e s  o f
p ho s phorus  a re  t h e  c h l o r o f l u o r i d e s  ( 4 , 5 , 8 9 ) ^  Holmes and c o - w o r k e r s
p r e p a r e d  t h e  s e r i e s  o f  m o l e c u l a r  phospho ranes  PCI F ( n ^ l < 5 )  ( ^ ^ " ^ 5 )
n b—n
( 9 l  19 (96-98 ' )and t h i s  and o t h e r  s t u d i e s  u s i n g  e l e c t r o n  d i f f r a c t i o n  , F NMR ,
(99 1OG)
and v i b r a t i o n a l  s p e c t r o s c o p y   ^ i n d i c a t e d  t r i g o n a l  b i p y r a m i d a l
s t r u c t u r e s  w i t h  f l u o r i n e  atoms a x i a l l y  d i s p o s e d  u h e r e - e v e r  p o s s i b l e .
The r e s p e c t i v e  s y m m e t r i e s  a re  t h e r e f o r e  PCl^F ( C ^ ^ ) ,  FC l^F^  ( D ^ ^ ) ,
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PCl^F^ and P C l f ^
I o n i c  m o d i f i c a t i o n s  o f  t h e  c h l o r o f l u o r o p h o r a n e s  a re  known and 
t h e s e  o f t e n  r e s u l t  f r o m  t h e  m o l e c u l a r  f o rm s  on s t a n d i n g  a t  a m b ie n t  
t e m p e r a t u r e s .
The i o n i c  m o d i f i c a t i o n  o f  t e t r a c h l o r o f l u o r o p h o s p h o r a n e  was i n i t i a l l y  
f o r m u l a t e d  as PC1^*F~ m a i n l y  on t h e  b a s i s  o f  m o l e c u l a r  w e i g h t  d e t e r m i n a ­
t i o n s  S ubseque nt  measurements  s u g g e s te d  t h e  p re s en c e  o f  a
PC l^F ^ ”  a n i o n  a s p e c i e s  i n d e p e n d e n t l y  c h a r a c t e r i s e d  as t h e
caes ium s a l t  and t h e  f o r m u l a t i o n  P C l ^ ^ P C l ^ F ^ "  and PC1^*F th ou gh
l a t e r  s p e c t r o s c o p i c  and a n a l y t i c a l  d a t a  showed t h e  l a t t e r  t o  be i n c o r r e c t  
( 1 0 5 ) ^
T r i c h l o r o d i f l u o r o p h o s p h o r a n e  has been s t u d i e d  i n  t h e  i o n i c  fo rm
and ^^P NMR i n d i c a t e s  t h e  f o r m u l a t i o n  P C l ^ *  PCl^F^  (1 0 5 ) ^
D i c h l o r o t r i f l u o r o p h o s p h o r a n e  P C l ^ F ^ ,  i s  known i n  an i o n i c  f o r m ,
P NMR i n d i c a t e s  t h e  p re s e n c e  o f  b o t h  P C l ^ *  and PF^ ( 3 2 )  and t h i s
o b s e r v a t i o n  i s  s u p p o r t e d  by v i b r a t i o n a l  s p e c t r o s c o p y  The compound
PC l^*PFg~ may be p re p a r e d  by f l u o r i n a t i n g  pho sph o rus  p e n t a c h l o r i d e  w i t h
(42 )a r s e n i c  t r i f l u o r i d e  i n  a r s e n i c  t r i c h l o r i d e  and t h e  powder  X - r a y
d i f f r a c t i o n  p a t t e r n  i s  i d e n t i c a l  t o  t h a t  o f  a sample  d e r i v e d  f r om  
( 9 9 )m o l e c u l a r  PCl^F^
There  a re  c u r r e n t l y  no r e p o r t e d  d a t a  on an i o n i c  i s o m e r  o f  c h l o r o -
t e t r a f l u o r o p h o s p h o r a n e  a l t h o u g h  a compound o f  s t o i c h i o m e t r y  P^ClgF has
( 3 7 ) (38 )been p re p a re d  and e l e c t r o l y t i c  and mass s p e c t r o m e t r i c  s t u d i e s
s u g g e s t  t h e  s t r u c t u r e  PCl^  PCl^F .
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The b r o m o f l u o r i d e s  o f  pho s ph o rus  (V)  have n o t  been i n v e s t i g a t e d  
so t h o r o u g h l y  a l t h o u g h  a l l  members o f  t h e  s e r i e s  a re  known.  T e t r a -  
b r o m o f l u o r o p h o s p h o r a n e  has been p re p a r e d  and an i o n i c  m o d i f i c a t i o n  fo rm ­
u l a t e d  as PBr^ F ( 1 9 8 )  t h i s  i s  by no means c e r t a i n  T r i b r o m i -
( 1 0 9 )d i f l u o r o p h o s p h o r a n e  i s  known o n l y  i n  t h e  m o l e c u l a r  fo rm  '  : a t r i ­
g o n a l  b i p y r a m i d a l  s t r u c t u r e  f o r  d i b r o m o t r i f l u o r o p h o s p h o r a n e  i s  c o n s i s t e n t  
w i t h  ^^F NMR and v i b r a t i o n a l  s p e c t r a  ("’ 90)  a l t h o u g h  an i o n i c  fo rm
i s  a l s o  known.  T h i s  has t h e  s t r u c t u r e  o f  P B r^ *  PF^" ( i n d i c a t e d  by ^^P 
NMR and Raman s p e c t r o s c o p y )  ( "*^9)  i g  p r e p a r e d  by f l u o r i n a t i o n
o f  pho sph o rus  p e n t a b r o m id e  B r o m o t e t r a f l u o r o p h o s p h o r a n e  has so
( 9 8 )  31f a r  o n l y  been r e p o r t e d  i n  a m o l e c u l a r  fo rm  , as i n d i c a t e d  by P NMR
and i n f r a - r e d  s p e c t r o s c o p y .
No e v id e n c e  i s  a v a i l a b l e  f o r  t h e  e x i s t e n c e  o f  c h l o r o b r o m o f l u o r i d e s
o r  f l u o r o i o d i d e s  o f  pho sph o rus  ( V) i n  any m o d i f i c a t i o n .
The p ho s phorus  ( V ) c h l o r o b r o m i d e s  have been s u b j e c t  o f  many
i n v e s t i g a t i o n s  o v e r  a p e r i o d  o f  y e a r s ,  b u t  much o f  th e  d a t a  o b t a i n e d  are
i n c o n c l u s i v e  and o n l y  two w e l l - d e f i n e d  compounds a re  r e p o r t e d : -
and PCl^ g^g ®^ 0.33 
The y e l l o w  c r y s t a l l i n e  compound PCl^  ^ Br ^  ^ ( h e r e a f t e r  r e f e r r e d  to
as P ^ C l g B r )  was p r e p a r e d  by t h e  r e a c t i o n  o f  p hosphorus  t r i c h l o r i d e  and
( 1 1 2 )b ro m in e  i n  a r s e n i c  t r i c h l o r i d e  and was o r i g i n a l l y  f o r m u l a t e d  as
PCI *  P C l r B r "  because PC1 ,* PF^ "  was t h e  p r o d u c t  o f  f l u o r i n a t i o n  o f  4 5 4 o
phosphorus  t r i c h l o r i d e  and p ho s phorus  p e n t a c h l o r i d e .  A subsequen t  s t u d y  
showed t h i s  t o  be i n a c c u r a t e  and a f o r m u l a t i o n  6 P C l^ * 2 P C l2 B r *  4PC1^ 4Br
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31was p ro po s ed  on t h e  b a s i s  o f  P NMR,X-ray powder  d i f f r a c t i o n  and
v i b r a t i o n a l  s p e c t r o s c o p y  S im p le  b r o m i n a t i o n  o f  pho s ph o rus
t r i c h l o r i d e  p ro du ced  an u n s t a b l e  a g g r e g a t e  a n a l y s i n g  as P C l ^ B r ^  ^
w h i c h  was c o n v e r t e d  by pumping t o  a y e l l o w  powder  PCl^  ^ B r ^  Upon
s u b l i m a t i o n  a t  50°C t h i s  y i e l d e d  t h e  compound PCl^  60^^0  33^ shown by
X - r a y  d i f f r a c t i o n  t o  be a u n iq u e  phase w i t h  a f a c e - c e n t r e d  c u b i c  u n i t  
( 58 )c e l l  . From t h e s e  d a t e  a lo n e  a r e a s o n a b l e  f o r m u l a t i o n  o f
8 P C l ^ % P C lg ” 4 8 r “’ p e r  u n i t  c e l l  was s u g g e s t e d .  A l l  o t h e r  i n v e s t i g a t i o n s
o f  t h e  p ho s p h o ru s  t r i c h l o r i d e / b r o m i n e  sy s tem have g i v e n  i n c o n s i s t e n t  |
r e s u l t s  t h o u g h  i n  g e n e r a l  t h e  r e a c t i o n  i s  t h o u g h t  t o  p ro du c e  e i t h e r  some
o r  a l l  o f  t h e  compounds o f  t h e  g e n e r a l  f o r m u l a ;  P C l ^ B r ,  P C l ^ t B r g ^ i  and
PC l^B r  B r ( B r g ) ^  (n  = 4 t o  1 0 ) .
I n  T a b le  1 a c h r o n o l o g i c a l  l i s t  and summary o f  t h e s e  s t u d i e s  i s
g i v e n  a l t h o u g h  much o f  t h e  work app ea rs  t o  be c o n t r a d i c t o r y  and has
p ro v ed  i r r e p r o d u c i b l e .
A t t e m p t s  t o  p r e p a r e  pho s ph o rus  ( V) c h l o r o b r o m i d e s  by t h e  m u tu a l
r e a c t i o n  o f  t h e  t r i  and p e n t a b r o m id e s  and c h l o r i d e s  have a l s o  been r e -  
(117 119 122—125)p o r t e d  '   ^ \  The p r o d u c t s  a re  g e n e r a l l y  t h e  same as th os e
p ro duced  by  t h e  pho sph o rus  t r i c h l o r i d e / b r o m i n e  sy s tem th ou gh  i t  was 
s p e c i f i c a l l y  c l a i m e d  t h a t  PB r^ C l  was t h e  p r o d u c t  o f  i )  p ho s pho rus  p e n t a -  
c h l o r i d e  and excess  p ho s phorus  t r i b r o m i d e  and i i )  p hospho rus  t r i ­
c h l o r i d e  and excess pho sph o rus  p e n t a b r o m id e  More r e c e n t l y  Gabes
e t  a l  r e a c t e d  p ho s phorus  p e n t a c h l o r i d e  and p ho s phorus  t r i b r o m i d e
i n  a 4 : 3  r a t i o ,  r e - c r y s t a l l i s e d  t h e  p r o d u c t  f r om  c a rb on  d i s u l p h i d e ,  and
TABLE 1
INVESTIGATIONS OF THE PHOSPHORUS TRICHLORIDE/BROMINE SYSTEM
1872 P r i n u a u l t  
r e f  114
1872 flichaelif 
r e f  115
PCI3  + B r, PCl3 Br2
PCI3  + Br^---------- PClzBrg
PClzBrg + PCI3 PCljBr^
PCl3 Brg — > PCl^Br^
PCl^Br^ + PCI3 PCl^Br
PCI] + Br^ temg pci^Br^
PCI3 + B r ,
PC l3Br2
PC l3Br^  
-> 2 l a y e r s
lowe
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r  l a y e r  + P C l ^ B r ^  > PC l^Br^
P C l ^ B r ^  + B r ^  > PC l^B r^
1886 S t e r n
r e f  116
1928 M i l o b e d z k i  and K r a k o w i e k i  
r e f  117
1930 M i l o b e d z k i  and K r a k o w i e k i
PCI3 + B r ,
PCl2Br3  + Br^-
4  P C l ^ S r ,
4  P C l ^ e r ^
PCI3 + B r^  .
PC I3 + B r^  - 4  PC l^Sr
PCI3 + B r ^ / v a r )  > PC l^B r  + PC lz B r ^  +
Phase I  ( b row n )
PCI3 + B r^  ( i n  v a p o u r )  ^  Phase I I  ( r e d )
Phase I  + Phase I I  PC l^Br
Phase I = PC l3 . 43g8 r 3 _g77 to  PCl^Br^Q
Phase I I  = H a lo g e n ;P ho s p ho ru s  7 ,1  to  8 . 6 : 1
TABLE 1 ( c o n t i n u e d )
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1933 Rene
r e f  119
PCI-  + Br_ 
P C I ,  Br  1
P C l^B r
1951 F i a l k o v  and Kuzmenko 
r e f  120
PCI3 + Br ^ -> P C l^ B r ^  and PC l^ B r^g
1952 F i a l k o v  and Kuzmenko 
r e f  121
PCI3  + ar^ -> PC l^B rg  ( n o t  i s o l a t e d )
1956 Popov,  Geske and B a e n z i g e r  
r e f  56
1957 K o l d i t z  and F e l t z  
r e f  112
PCI3 + B r ^
PCI3 + Br^ PgCigBr
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g e n t l y  s u b j e c t e d  i t  t o  a vacuum u n t i l  a y e l l o w  powder was fo rm e d .
A n a l y s i s  was c o r r e c t  f o r  t h e  s t o i c h i o m e t r y  P B r^ C l  and t h e  Raman
+ —
sp e c t ru m  i n d i c a t e d  an i o n i c  s t r u c t u r e ,  PBr^ C l  , shown by powder X - r a y
+
c r y s t a l l o g r a p h y  to  be isom orphous  w i t h  PBr^  Br .
No p u re  pho sph o rus  ( V ) c h l o r o b r o m i d e s  o t h e r  t h a n  P ^ C lg B r ,
PCI ,  ^ ^ B r .  m  and P B r . ^ C l "  have been r e p o r t e d  and,  u n l i k e  th e  c h l o r o -  4 . 5 6  0 . 3 3  4 '
f l u o r i d e s  and b r o m o f l u o r i d e s ,  no m o l e c u l a r  fo rm s  have e v e r  been i s o l a t e d .
A number o f  p ho s ph o rus  p o l y h a l i d e s  e x i s t ;  t h e  o n l y  s i n g l e  h a lo g e n
p o l y h a l i d e s  b e in g  t h e  p o l y b r o m i d e s .  At  l e a s t  two pho sph o rus  p o l y b r o m i d e s
a re  k n o w n : -  PBr^ and PBr^^  ( 6 , 8 4 , 1 2 7 , 1 2 8 ) ^  a l t h o u g h  t h e  s t r u c t u r e  o f  th e
l a t t e r  has n e v e r  been f u l l y  e l u c i d a t e d .  Phosphorus  h e p t a b r o m id e  has been
( 12 9 )i n v e s t i g a t e d  by s i n g l e  c r y s t a l  X - r a y  c r y s t a l l o g r a p h y  and shown to
c o n s i s t  o f  t e t r a h e d r a l  PBr^^  i o n s  and a lm o s t  l i n e a r ,  b u t  u n s y m m e t r i c a l ,
B r ^ ”  i o n s .  The h i g h e r  h a lo g e n  c o n t e n t  p o l y h a l i d e s  ( P B r ^ ^ ,  v a r i o u s  p r o d u c t s  
o f  t h e  P C l ^ / B r ^  sys tem e t c )  most  p r o b a b l y  c o n t a i n  t e t r a h e d r a l  c a t i o n s  and 
h a lo g e n  c h a i n  i o n s  o r  some u n i o n i z e d  h a lo g e n  as an i n c l u s i o n  compound. 
Compounds such as P C l ^ I ,  P B r ^ I ,  P C l ^ B r X  and P B r ^ I C l  a re  known and c o n s i s t  
o f  PX^* c a t i o n s  w i t h  mixed h a l i d e  a n io n s  ( 6 , 1 3 0 , 1 3 1 , 1 3 2 , 1 3 2 a ) .
1 . 1 . c ANIONIC AND CATIONIC COMPLEXES DERIVED FROM THE PHOSPHORUS
PENTAHALIDSS
The p r e c e d i n g  d i s c u s s i o n  o f  t he  s t r u c t u r e  o f  t he  pho spho rus  p e n t a -  
h a l i d e s  has i n d i c a t e d  th e  p o s s i b i l i t y  o f  h a l i d e  i o n  d o n o r / a c c e p t o r  
r e a c t i o n s  o c c u r r i n g  l e a d i n g  to  t h e  f o r m a t i o n  o f  e i t h e r  a t e t r a h e d r a l
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PX^ c a t i o n  o r  an o c t a h e d r a l  PX^ , Such b e h a v i o u r  was e x h a u s t i v e l y
( 137 )•r e v i e w e d  by Webs te r  'A1966.
S in c e  t h e  d i s c o v e r y  o f  pho spho rus  p e n t a f l u o r i d e  i n  1875 
n o t h i n g  was r e p o r t e d  o f  i t ' s  Lewis  b a s i c i t y  u n t i l  1973 when the  
compound PF^^Sb^F^^  was p r e p a r e d  and t h e  i o n  p a r t i a l l y  c h a r a c t e r i z e d
by Raman s p e c t r o s c o p y  However t h e  a b i l i t y  o f  pho spho rus
p e n t a f l u o r i d e  t o  a c t  as a f l u o r i d e  i o n  a c c e p t o r  i s  w e l l  known and
t h e  h e x a f l u o r o p h o s p h a t e s  o f  t h e  a l k a l i  m e t a l s  have been p re p a re d  ( 1 3 3 - 1 3 6 , 136a)
The s o l i d  s t a t e  m o d i f i c a t i o n s  o f  pho sph o rus  p e n t a c h l o r i d e  d i s c u s s e d
e a r l i e r  i l l u s t r a t e  b o t h  c h l o r i d e  i o n  d o n a t i o n  and a c c e p t a n c e .  The
t e t r a h e d r a l  P C l ^ *  i o n  p r o b a b l y  e x i s t s  i n  a l l  o f  t h e  r e p o r t e d  p e n t a v a l e n t
a d d i t i o n  co mp le xes  w i t h  a w id e  v a r i e t y  o f  a n i o n s  and t h e s e  have been
( 1 2 3 137)d i s c u s s e d  e x t e n s i v e l y  e l s e w h e re   ^  ^ . One sys tem o f  p a r t i c u l a r
r e l e v a n c e  t o  t h i s  s t u d y  i s  t h e  complex  w i t h  b o ro n  t r i c h l o r i d e  w h ic h  has
+ —
been f o r m u l a t e d  as P C l^  BCl^  f r om  powder  c r y s t a l l o g r a p h y  and o t h e r  
t e c h n i q u e s  ( 1 ^ 1 - 1 5 1 ) .
The h e x a c h l o r o p h o s p h a t e  a n i o n  a l s o  e x i s t s ,  a l t h o u g h  i t  i s  h y d r o l y t i c a l l y
u n s t a b l e  u n l i k e  i t s  f l u o r i n e  a n a lo g u e .  I t  has been w e l l  c h a r a c t e r i s e d  as
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t e t r a ethy lammon ium  and phosphon ium h e x a c h l o r o p h o s p h a t e s  by P NMR 
( 4 9 - 5 1 , 1 5 2 ) ^  35^j, ( 5 3 , 1 5 2 , 1 5 3 )  v i b r a t i o n a l  s p e c t r o s c o p y
However no a l k a l i - m e t a l  h e x a c h l o r o p h o s p h a t e s  have y e t  been r e p o r t e d  and 
l a t t i c e  e ne rg y  c a l c u l a t i o n s  have i n d i c a t e d  o n l y  b o r d e r l i n e  thermod ynamic  
s t a b i l i t y  f o r  such compounds
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Phosphorus  p e n t a b r o m id e  e x h i b i t s  more l i m i t e d  d o n o r - a c c e p t o r  b e h a v i o u r  
t h a n  t h e  p e n t a c h l o r i d e .  The t e t r a b ro m o p h o s p h o n iu m  c a t i o n  i s  w e l l  
e s t a b l i s h e d  i n  s e v e r a l  a d d i t i o n  comp lexes
Br^  ( 1 1 0 ) ^  PBr^ '^IClBr '^  PB r^ *T a B r~  ( 1 ^ 5 ) ^  PBr^ '^PF^
and P B r^ * B B r ~  ( 1 5 6 , 1 5 7 )
The re  i s  no e v id e n c e  t o  i n d i c a t e  any a c c e p t o r  p r o p e r t i e s  o f  phosphor us  
p e n t a b r o m id e  as t h e  hexabr om ophospha te  a n i o n  has y e t  t o  be p r e p a r e d  and 
c h a r a c t e r i s e d .
Very  l i t t l e  work  has been done on t h e  pho sph o rus  p e n t a i o d i d e
(8 )sys tem s i n c e  i t ' s  p r e p a r a t i o n  i n  1978 b u t  t h e  e x i s t e n c e  o f  t h e  
t e t r a i o d o p h o s p h o n i u m  c a t i o n  was c o n f i r m e d  v e r y  r e c e n t l y  by t h e  p r e p a r a ­
t i o n  and s i n g l e  c r y s t a l  X - r a y  a n a l y s i s  o f  t h e  compound P I ^ ^ A I I ^  (15 8 ) ^  
The 2 :1  a d d u c t  o f  P I ^  w i t h  A l l ^  has a l s o  been shown t o  be i o n i c  and o f  
t h e  fo rm  P^I^ '^'a I I ^ ”  ( 1 5 9 ) ^
As w i t h  t h e  m o l e c u l a r  p e n t a h a lo p h o s p h o r a n e s ,  t h e  p o s s i b i l i t y  o f  
mixed h a lo g e n  a n io n s  and c a t i o n s  i s  a p p a r e n t  and some such s p e c i e s  have 
been o b s e r v e d .
The f i r s t  mixed h a l o g e n  c a t i o n  t o  be c h a r a c t e r i z e d  was PFCl^"*” i n  th e  
s a l t  PF C lg^Sb C lg "  w h ic h  was p r e p a r e d  by t h e  r e a c t i o n  o f  PFClg ,  SbCl^ and 
C l ^  D u r i n g  t h e  same s t u d y  some e v id e n c e  f o r  t h e  PFBr^ *  i o n  was
o b t a i n e d  b u t  p r o d u c t  i n s t a b i l i t y  p r e v e n t e d  a t h o r o u g h  i n v e s t i g a t i o n .
The c h lo ro b ro m o p h o s p h o n iu m  i o n s ,  P C l^ B r ^  ^  ( O ^ n ^  4 ) ,  a re  t h e
most  c o m p l e t e l y  i n v e s t i g a t e d  c l a s s  o f  t h e  mixed h a lo g e n  c a t i o n s .  The
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t r i c h l o r o b r o m o p h o s p h o n i u m  i o n  was f i r s t  r e p o r t e d  by S a l t h o u s e  and
Wadding ton  i n  t h e  compound PCI B r ^ B C l , "  ( 1 6 2 )  t h i s  and PC l -B r ^P F  ”
j  4 J O
were s u b s e q u e n t l y  v i b r a t i o n a l l y  c h a r a c t e r i s e d  ( 1^ ^ ^ ,  a s t u d y  o f  t he  
P C l g / B r g / B C lg  sys tem l e d  t o  t h e  i d e n t i f i c a t i o n  o f  a l l  th e  c h l o r o b r o m o ­
phosphon ium i o n s  as t e t r a h a l o b o r a t e  s a l t s  by Raman and s o l i d
s t a t e  ^^P NMR s p e c t r o s c o p y  ( ^ ^ ^ ^ ,  These s p e c i e s  were a l s o  d e t e c t e d  i n  
anh yd rous hy d rog en  c h l o r i d e  by a P NMR s o l u t i o n  s t u d y  ( " ' ^ ^ ^  on the  
same s y s te m .  More r e c e n t l y  some o f  t h e s e  c a t i o n s  ( a l o n g  w i t h  v a r i o u s
s o l v o l y s e d  s p e c i e s )  have been i d e n t i f i e d  i n  PC l3/ B r 2 and PBr3/ C l 2 
r e a c t i o n  m i x t u r e s  i n  some s t r o n g l y  a c i d i c  s o l v e n t s  ( I 6 5 , 1 6 5 a ) ^  and a l s o  
f r om  t h e  r e a c t i o n  o f  PBr^  and PBr^  w i t h  c h l o r o s u l p h o n i c  a c i d  ( 1 6 6 , 1 6 7 ) ^
A s t u d y  o f  t h e  o x i d a t i o n  o f  p ho s ph o rus  t r i c h l o r i d e  and t r i b r o m i d e  
by h a lo g e n s  i n  a c e t i c  a n y h y d r i d e  has p ro du ced  e v id e n c e  f o r  i o n i c  compound 
f o r m a t i o n  c o n t a i n i n g  t h e  f o l l o w i n g  mixed h a lop ho s p ho n iu m  c a t i o n s : -  
P C l ^ B r * ,  P B r ^ C l * ,  P C l ^ I *  and P B r ^ I *
C h lo ro i o d o p h o s p h o n iu m  c a t i o n s  and s o l v o l y s e d  s p e c i e s  have a l s o  been 
31o b s e rv e d  by P NMR o f  t h e  r e a c t i o n  between pho sph o rus  t r i i o d i d e  and 
c h l o r o s u l p h o n i c  a c i d  The range  o f  mixed h a lo g e n  a n io n s  o f
p e n t a v a l e n t  pho spho rus  i s  o b v i o u s l y  more r e s t r i c t e d  g i v e n  th e  non­
e x i s t e n c e  o f  hexabromo and h e x a io d o p h o s p h a t e s .  However m i x t u r e s  o f
c h l o r o f l u o r o p h o s p h a t e s  PF C l .  i n  s o l u t i o n  a re  q u i t e  w e l l  known andn o-n
a l l  t h e  i o n s  e x c e p t  t r a n s  PF^C l^  have been i d e n t i f i e d  by P and ^^F NMR 
s t u d i e s  ( 1 6 3 , 1 5 9 - 1 7 2 ) ^  The P F ^ C l ^ "  i o n  has been o b t a i n e d  i n  an a d m ix t u r e
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w i t h  t h e  PF^ i o n  as t h e  caes iu m  s a l t  and i t ' s  p re sence  i n
i s o m e r i c  m o d i f i c a t i o n s  o f  t e t r a c h l o r o f l u o r o p h o s p h o r a n e  has been
d i s c u s s e d  e a r l i e r  T r i c h l o r o d i f l u o r o p h o s p h o r a n e  has been
r e p o r t e d  t o  e x i s t  as PCl^  PF^C l^  i n  t h e  s o l i d  s t a t e  a l t h o u g h  th e
compound P ^C lgB r  has been shown n o t  t o  c o n t a i n  t h e  PC l^Br  a n io n
More r e c e n t l y  some o f  t h e  compounds Et^N PF^Cl^  ^ ( l 4 n '3 )  have been
i s o l a t e d  as s o l i d s  and some a z id o  and t h i o c y a n a t o  d e r i v a t i v e s  o f  th ese
were p r e p a r e d  D i l l o n  and c o - w o r k e r s  have e x t e n s i v e l y  i n v e s t i g a t e d
th e  s u b s t i t u t i o n  o f  p s e u do ha log en  g ro u p s  i n  h e x a c h l o r o  and h e x a f l u o r o -
p h o s p h a t e s .  The a z i d o c h l o r o p h o s p h a t e s  PCl^  have been i d e n t i -
31f i e d  by s o l u t i o n  P NMR s p e c t r o s c o p y  and th e  i s o m e r s  fo rmed when 
n = 2 ,  3 ,  4 were deduced by c o m p a r i s o n  o f  t h e  o b s e rv e d  s h i f t s  w i t h  th ose  
p r e d i c t e d  t h e o r e t i c a l l y  u s i n g  t h e  p a i r w i s e  i n t e r a c t i o n  method (17 4 *1 7 5 ) ^  
T h i s  i n v o l v e s  t h e  summat ion  o f  i n t e r a c t i o n s  between a d j a c e n t  l i g a n d s  
a t t a c h e d  t o  t h e  c e n t r a l  atom and t h u s  t h e r e  a re  12 such i n t e r a c t i o n s  
i n  t h e  case o f  an o c t a h e d r o n .  However t h i s  method i s  depende nt  upon the  
unambiguous a s s ig n m e n t  o f  c h e m ic a l  s h i f t s  t o  p a r e n t  compounds t h a t  
encompass a l l  r e q u i r e d  i n t e r a c t i o n s .  The c y a n a to  and t h i o C y a n a t o  de­
r i v a t i v e s  o f  t h e  h e x a c h l o r o p h o s p h a t e  i o n ,  PC I .  (CN) ' and PCl^ (NCS)’ o - n  n D — n n
31have been i n v e s t i g a t e d  by P NMR s p e c t r o s c o p y ;  some pur e  i s o m e rs  were
i s o l a t e d  and o t h e r s  o b s e rv e d  i n  s o l u t i o n  A ls o  th e  s e r i e s
PF^ (CN) ”  ( l < n ^ 4 )  and P F - C l -  (CN) ( l ^ n ^ 3 ) "  have been s t u d i e d  by□—n n j  o -n
th e  same method :  p a i r w i s e  i n t e r a c t i o n s  were a g a in  used to  e v a l u a t e  the
s t r u c t u r e  o f  i s o m e r s  fo rm ed  and some f l u x i o n a l i t y  was obse rv ed  i n  compounds
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w i t h  t h r e e  o r  more f l u o r i n e  atoms a t  3 0 7 , 2K (1 7 7 ) ^
1 , 1 , d METHYL HALOPHGSPHORANES AND THEIR DERIVATIVES
A l k y l  and a r y l  h a lo p h o s p h o ra n e s  o f  th e  g e n e r a l  f o r m u l a  PR^X^ ^ 
resemb le  t h e  p a r e n t  h a lo p h o s p h o ra n e s  i n  t h a t  s e v e r a l  a l t e r n a t i v e  
s t r u c t u r e s  a re  p o s s i b l e : -
( i )  t r i g o n a l  b i p y r a m i d a l  m o l e c u l e s
( i i )  PRr%4_n* P 8 " 5 ( c )
( i i i )  PR X, *  PR X, ■ as i n  P C I .  Phase I In 4 - n  n 6 -n  5
The p r e s e n t  work has i n v o l v e d  o n l y  t h e  mono, d i  and t r i m e t h y l h a l o p h o s -
pho rane s .M e  PCl^ ( l ^ n ^ 3 ) ,  n b—n
T h i s  s e r i e s  has n o t  been s t u d i e d  i n  as much as d e t a i l  as t h e  u n -
m e t h y l a t e d  h a l o p h o s p h o r a n e s .  M e t h y l t e t r a c h l o r o p h o s p h o r a n e  (MePCl^)
has been i n v e s t i g a t e d  i n  t h e  s o l i d  s t a t e  and i n  n o n - i o n i s i n g  s o l v e n t s
by i n f r a - r e d  ana Raman s p e c t r o s c o p y .  The r e s u l t s  i n d i c a t e  an i o n i c
^ «
f o r m u l a t i o n  f o r  th e  s o l i d  s t a t e : -  MePCl^ C l  w i t h  t h e  c a t i o n
(57 178)h a v in g  C^^ symmetry  '  and a m o l e c u l a r  s t r u c t u r e  h a v in g  C^^ symmetry
(a t r i g o n a l  b i p y r a m i d  w i t h  th e  m e t h y l  g roup  e q u a t o r i a l l y  d i s p o s e d )  i n
( 178 )ben zene,  d i c h l o r o m e t h a n e  and c a rb o n  d i s u l p h i d e  , The s o l i d  s t a t e
o b s e r v a t i o n s  a re  s u p p o r t e d  by P NMR a n d ^^ C l  NQR s p e c t r o s c o p y  ( ^ 7 9 ) ^
D i m e t h y l ; t r i c h l o r o p h o s p h o r a n e  and t r i m e t h y l d & c h l o r o p h o s p h o r a n e  have
(57 180)been shown to  be i o n i c  s o l i d s  by v i b r a t i o n a l  s p e c t r o s c o p y  * '  and
(1 7 9 )a g a in  m a g n e t i c  resonance  d a t a  i s  c o n s i s t e n t  w i t h  t h e  f o r m u l a t i o n s
Me^PCl^ C l  and Me^PCl^Cl  w i t h  th e  c a t i o n s  h a v in g  C^^ and C^^ symmetry  
r e s p e c t i v e l y .  There  i s  l i t t l e  e v id e n c e  i n  t h e  l i t e r a t u r e  o f  a d e t a i l e d
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Raman s p e c t r o s c o p i c  s t u d y  o f  d e r i v a t i v e s  o f  t h e  s e r i e s  Me PCl^n 5—n
( l ^ n ^ 3 ) .  B e a t t i e  r e p o r t s  t h e  i o n i c  n a t u r e  o f  t h e  M ePCl^ /S bC l^  complex
as MePCl^^SbClg  ( 1 7 8 ) ^  T h i s  compound and t h e  o t h e r  h e x a c h l o r o a n t i m o n a t e s
(V)  were  s u b s e q u e n t l y  p re p a r e d  by t h e  r e a c t i o n  o f  th e  a p p r o p r i a t e  m e t h y l -
h a l o p h o s p h i n e  and a n t im o n y  p e n t a c h l o r i d e  i n  a 1 :2  r a t i o  and were
( l 8 1  182)c h a r a c t e r i z e d  by i n f r a - r e d  s p e c t r o s c o p y   ^ . D i l l o n  e t  a l  have
31 35r e p o r t e d  t h e  P NMR and Cl  NQR s p e c t r a  o f  a number o f  1:1 a d d u c ts
between some m e t h y l  and e t h y l c h l o r o p h o s p h o r a n e s  and Lew is  a c i d s  and
(1 7 9 )deduced i o n i c  s t r u c t u r e s  f o r  t h e s e  compounds '  . Some m e t h y lb r o m o -
phosph o ran e s  and d e r i v a t i v e s  have been p r e p a r e d  and i d e n t i f i e d  by 
31 P NMR s p e c t r o s c o p y  b u t  o n l y  l i m i t e d  v i b r a t i o n a l  a n a l y s i s  was p e r fo r m e d
O n ly  l i m i t e d  a c c e p t o r  b e h a v i o u r  i s  e x h i b i t e d  by th e  m e t h y l p h o s p -
h o ranes  w i t h  o n l y  MePCl^ f o r m i n g  compounds w i t h  t e t r a e t h y l  and t e t r a - n -
penty lammon ium c h l o r i d e  ( 1 8 3 , 183a)^  These may be f o r m u l a t e d  as ( 62b r ) ^ N *
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MePCl^”  and ( 6^H ^^ )^N  MePCl^ r e s p e c t i v e l y  f r om  P NMR and i n f r a - r e d
s p e c t r o s c o p y  ( 1 8 3 , 183a)^  The i n t r o d u c t i o n  o f  more t h an  one m e t h y l  g roup
i n t o  t h e  c h l o r o p h o s p h o r a n e  has been shown t o  p r e v e n t  any o b s e r v a b l e
compound f o r m a t i o n  and i s  u n d o u b t e d l y  due m a i n l y  t o  t h e  i n d u c t i v e  e f f e c t s
o f  t h e s e  g r o u p s .  T h i s  t r e n d  i s  c o n s i s t e n t  w i t h  o b s e r v a t i o n s  on th e
r e s p e c t i v e  e t h y l  ( 1 8 3 , 1 8 3 a )  p h e n y l c h l o r o p h o s p h o r a n e s  ( 1 8 ^ ) ^
D i l l o n  and c o - w o r k e r s  have e x t e n s i v e l y  i n v e s t i g a t e d  th e  a c c e p t o r
p r o p e r t i e s  o f  c h l o r o p h o s p h o r u s  ( V) s p e c i e s  and some d e r i v a t i v e s  to wards
h a l i d e  i o n s  and u n i  o r  b i d e n t a t e  p y r i d i n e s ,  They fo un d  t h a t  m on o-me thy l
and e t h y l t e t r a c h l o r o p h o s p h o r a n e  ( 1 8 3 , 1 8 3 a )  ^ t h e i r  SbCl^  d e r i v a t i v e s
( 1 8 5 )  86 )were p o o r e r  a c c e p t o r s  t h a n  PCl^  o r  PCl^  , s i m i l a r  t o
( 187 )b e h a v i o u r  shown by PhPCl^ and PhPCl^ • Very  r e c e n t l y  t h e
a c c e p t o r  compounds o f  some o rg a n o p h o s p h o ru s  (V)  b ro m id e s  have been 
( 188 )r e p o r t e d  '  The s t a b i l i t y  o f  such compounds a ppea rs  t o  be l e s s
t h a n  i n  a na lo go u s  c h l o r i d e  s y s te m s ,  e s p e c i a l l y  i n  t h e  case o f  a n i o n i c  
s p e c i e s .
35
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CHAPTER 2 
RESULTS AND DISCUSSION A
2. VARIABLE-TEMPERATURE RAMAN SPECTRA OF PHOSPHORUS (U) CHLORIDE AND 
BROMIDE DEPOSITED AT 15K
2 . 1 . a THE PCl^  SYSTEM
As no te d  i n  C ha p te r  1,  t h e  s t r u c t u r e  o f  PCl^  i n  th e  gas phase 
and i n  n o n - p o l a r  s o l v e n t s  has been e s t a b l i s h e d  as a t r i g o n a l -  
b i p y r a m i d a l  ( T . B . P . )  s p e c i e s  w i t h  D^^. symmetry  by v i b r a t i o n a l  
s p e c t r o s c o p y  and d i f f r a c t i o n  s t u d i e s .  The l o w - t e m p e r a t u r e  i n f r a ­
red  s p ec t r um  o f  PCl^  v a p o u r  condensed o n t o  a c o o l e d  p l a t e  a t
90K i s  c o n s i s t e n t  w i t h  t h i s  T . B . P .  s t r u c t u r e  and on warming t h i s  
under go es  an i r r e v e r s i b l e  change t o  t h e  Phase I I  m o d i f i c a t i o n  
( P C l ^ ^ P C l ^ " ) .  No a na lo go u s  Raman s t u d y  has been r e p o r t e d  a p a r t  
f r om  th e  i l l u s t r a t i o n  o f  a s p e c t ru m  o f  ( s o l i d )  m o l e c u l a r  PCl^ a t  
l i q u i d  n i t r o g e n  t e m p e r a t u r e  i n  a r e v i e w  a r t i c l e  by B e a t t i e
For  a h e x a t o m ic  m o l e c u l e  o f  D^^ symmetry  th e  p r e d i c t e d  12 
n o rm a l  modes o f  v i b r a t i o n  a re  d i s t r i b u t e d  as f o l l o w s :
P v i b  = 2 a /  ( R )  + 2 a ^ ^  ( I R )  + 3 e ' ( R ,  I R )  + e ^ ^ R )  
where  R and IR i n d i c a t e  Raman and i n f r a - r e d  a c t i v i t y , P r e v i o u s  
Raman r e s u l t s  f o r  m o l e c u l a r  ( i e  T . B . P . )  PCl^  a re  summar ised i n  
T a b le  2 . 1 ,
. The p r e s e n t  i n v e s t i g a t i o n  c o m p r i s e d  o f  two main e x p e r i m e n t s ; -  
i )  I s o l a t i o n  o f  th e  PCl^  v a p o u r  i n  an a rgon  m a t r i x  a t  15K ( t h i s  
r e q u i r e d  an ave rage  3^ h ou rs  s u b l i m a t i o n  f rom  300-31G K) .  
i i )  D e p o s i t i o n  o f  t he  PCl^  v a po u r  a t  15K and s u bs e qu en t  warming to
4 8
c
o
•H
-Proen
•H4-)IS)
033>
C
•H
en
•H
4J
(4O
•H
(4
CL
n
03c
•Hco4Jr)
o
C_3
CL
f4
co1—I 3u
03-4O
E
P□
4 -
'5
en-P
c
03
E
C
en
•H
en
enro
c
co
ECOcc
4J
C
03
E
C
a
•H
en
en
c
co
f—1
co
4J en
03 ro
en
03
•H
4J
4-1
CO
03
CD
un
co
'—1 X  c
CO co G
u  -H
4-) -P
03 CN 3
-H <H
03 U  O
•H CN en
4-) X
4-) C_3
CO
03
00
•O-
c
•H
03
4-) c
en oc •H
p 4-)
03 3
CD 1—1
O
TO en
C
CO co
X
-p co
en C_)
p
3
il
en
E
r—(
•H
3
co
TO
P
CO
3 co
TO X  c
O co G
G CJ -H3 4-)
O- 3
TO 1—1 >—)
C U  O
CO c_3 en
P
G
■—1
> -
CO
f -
CN
'—1
CJ c
CN Oc X  -H
G CJ -P
en \  3
>—1 CO 1p X  O
co co en
C_3 CJ
"S
co co 03 03 03
% - m CO r-
O o o
CD
CN
enen
co
CD
CN
co
CD
lO
CO
CN
O
en
co
en
co
CN00
CN
CD
lO
cor-
CN
en
co
o-
en
co
lO
CD
lO
00
co
co
eo
00
CN
un
en
co
oo
co
CD
un
00
CN
o
c CO
CN
ro <r ro eo O
en 1 CD c^ r — CD
co un CN T— CN
4P
a m b ie n t  t e m p e r a t u r e  w h i l e  m o n i t o r i n g  theRaman sp e c t ru m  ( t h i s  
r e q u i r e d  s i m i l a r  s u b l i m a t i o n  c o n d i t i o n s  as i n  i ) .
From t h e  m a t r i x  i s o l a t i o n  e x p e r i m e n t  a c o m p a r a t i v e l y  s i m p l e  spec t r um  
was o b t a i n e d  and wavenumbers and a s s ig n m e n ts  a re  p r e s e n t e d  i n  Tab le
2 . 2 .  These r e s u l t s  a re  i n  a c c o rd  w i t h  t h o s e  o f  B e a t t i e  f o r  gas ( ^ )
, , 1 i. • ( 6 )  phases ( T a b le  2 . 1 .  j). Sm a l l  d i f f e r e n c e sand n o n - p o l a r  s o l u t i o n
i n  some o f  th e  f r e q u e n c i e s  a re  u n d o u b t e d l y  due t o  th e  p re s en c e  o f  t h e  
a rg on  m a t r i x .  T h e O ^ ( e ' )  low  f r e q u e n c y  mode (degen .  P C l ^ ( a x ) b a n d )  was 
n o t  r e a d i l y  i d e n t i f i a b l e  i n  t h i s  s t u d y  because o f  R a y l e i g h  w i n g in g  
i n  t h e  s p e c t r u m .
The l o w - t e m p e r a t u r e  s u b l i m a t i o n  e x p e r i m e n t s  e na b le d  v a r i a b l e -  
t e m p e r a t u r e  s t u d i e s  to  be p e r f o r m e d  because i t  a l l o w e d  s low  warming 
o f  th e  sample  t o  a m b ie n t  t e m p e r a t u r e s ' -  a c o u r s e  o f  a c t i o n  p r e v e n t e d  
by t he  a rg o n  i n  t h e  case o f  t h e  m a t r i x  i s o l a t i o n  e x p e r i m e n t s .  Some 
t y p i c a l  s p e c ^  ( F i g s  I l a ,  l i b )  and wave numbers ( T a b le  2 . 3 )  a re  
p r e s e n t e d .  The t r e n d s  obs e rv e d  may be e x p l a i n e d  as f o l l o w s :  The
gas phase ( T . B . P . )  PCl^  was s t a t J l i z e d  a t  15K g i v i n g  th e  c h a r a c t e r ­
i s t i c  s p e c t r u m  f o r  a 0^^  m o l e c u l e  i n  c o m p le te  agreement  w i t h  e a r l i e r  
w o rk .  On warming t o  115-130K a d i s t i n c t  s h a r p e n i n g  o f  t h e  bands 
o c c u r r e d  and t h i s  may be a t t r i b u t e d  t o  an o r d e r i n g  o f  t h e  l a t t i c e  
f r om  t h e  disori^ercdl s t a t e  r e s u l t i n g  f r om  th e  i n i t i a l  va po u r  d e p o s i t i o n .  
F u r t h e r  warming to  a b o u t  18ÜK p ro duced  more d r a m a t i c  changes i n  t he
_1
s p ec t r um  w i t h  a d e c re a s e  i n  t h e  i n t e n s i t y  o f  t h e V ^ ( a ^ ^  band a t  400 cm 
a s s o c i a t e d  w i t h  th e  T . B . P .  PCl^  m o l e c u l e  and t h e  app earance o f  bands 
a t  361 and 456 em
TABLE 2 .2
Raman wavanumbers/cm ^ o f  PCl^  vapour c o -c o nd en s ed  with A r  at 15K
A s s ignm en t  üJavenumbers
( a x )  r o c k i n g  256 (m)
^ g ( e " ^ )  degen PCl^  ( t r i g )  i n p l a n e b e n d  275 (m)
 ^ sym PCl^  ( a x )  s t r e t c h  287 (m)
^ ^ ( a ^  ) sym PCl^  ( t r i g )  s t r e t c h  400 ( v s )
\ ) 5 ( 2^ )  degen ^ ^ ^ 5  ( t r i g )  s t r e t c h  583 ( w , b r )
50
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TABLE 2 .3
Raman uavenumbers /cm ^ o f  PCI^  v a po u r  d e p o s i t e d
a t  15K and s u b s e q u e n t l y  warmed
15K 120K 180K 220K
i
105(w)  98)  (m) 99)  (m)
108)  109)
178 (w)  178(w)
242 (w )  2 41 (w)
25 6 (w )  2 5 l ( w )
257(m)  2 6 1 (m) 2 61 (m)
277(m) 275 sh(m)  278)  (m) 278) (m
287(m)  2 8 7 ( s )  282)  282)
360(m)  360(m)
4 0 0 ( e )  4 0 0 ( e )  400 (w)
585 (w)  577 (w)
456(m)  4^G(m)
660(w)  658(w)
52
Fig Eg Ramon spectra of solid PCI 
i) a t 15K
II) at 120 K
l œloo 200WO500600 cm
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Fig iïb Raman spectra of solid PCl^ - 
i) a t 200 K
II) a t 220 K
600
300 200600 500 100— Icm
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c h a r a c t e r i s t i c  o f  t h e  P C l ^ l J . ( a i _ j  and P C I , *  (a)nodes
5 i 4 -L
r e s p e c t i v e l y .  When h e a t i n g  was c o n t i n u e d  to  a b o u t  220K a
s i m p l e  7 band sp e c t ru m  re m a in e d ,  i n  c o m p le te  a c c o r d  w i t h
t h a t  o f  Phase I I  p hosphorus  p e n t a c h l o r i d e  (PC1^*PC1^ )
Ta b le  2 . 4 ( a )  shows th e  a s s ig n m e n t s  o f  t h e  s u b l i m a t e  a t  120K
and 2 . 4 ( b )  shows a s s ig n m e n ts  f o r  th e  same sample  a t  22GK. T h i s
work  i s  i n  a c c o r d  w i t h  t h e  i n f r a - r e d  s t u d y  by C a r l s o n   ^  ^^
show ing  th e  t r a n s i t i o n  f r o m  T . B . P .  t o  Phase I I  P C l ^ .  T h i s
t r a n s i t i o n  o c c u r r e d  f r om  a b o u t  130-200K and was c o m p le te d  by
( 7 )220K. These r e s u l t s  a re  c o n c o r d a n t  w i t h  NQR s t u d i e s  show ing
t h e  t r a n s i t i o n
2PClc » P C 1 , *  + PCI “0 4 0
t o  o c c u r  o v e r  t h e  t e m p e r a t u r e  range 110-190K.  The f o l l o w i n g
scheme summar ises  t h e  b e h a v i o u r  o f  p ho s phorus  p e n t a c h l o r i d e  as
o b s e rv e d  by Raman s p e c t r o s c o p y .
P C l ^ ' " p C l g " ( c )   ^ 2PC1
(Phase I I ,  298K)
5 ( g ) ' + C l 2 ( g )
warming
2PC1 5 ( c ) T . B . P .  <_
warming
2PC1,
r a p i d  c o o l i n g  
T . B . P .
( l a t t i c e  o r d e r e d ,  120K)
■5(c)
( l a t t i c e  d i s o r d e r e d ,  15K)
One i n t e r e s t i n g  p o i n t  a r i s i n g  f rom  t h i s  work  was t h a t  t h e r e  
i'ûoàno e v id e n c e  f o r  the  f o r m a t i o n  o f  th e  Phase I I I  ( m e t a s t a b l e )  
m o d i f i c a t i o n  o f  pho spho rus  p e n t a c h l o r i d e  (P C 1 ^ ) 2 *  PCl^ Cl  ; 
t h i s  m ig h t  have been e x p e c te d  t o  fo rm u nder  th ese  c o n d i t i o n s
TABLE 2 . 4
A ss ig nm en ts  o f  th e  PCl^  v a r i a b l e - t e m p e r a t u r e
s t u d y  ( a )  a t  120K and ( b )  a t  220K
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a)  120K ( l a t t i c e  o r d e r e d  PClg)  ( b )  220K ( l a t t i c e  o r d e r e d  PCl^  PClg )
Ass ignm en t  Wavenumber As s ig nm en t  Wavenumber
PC l^  = )
p c i ^
PC I5
p c i ^  '0  2 ^ ® /  )
PCI,
PCI.
0
0  5 ( 9 ' )
98
108
261
275
287
400
577
^ 2 ( e ) P C l 4 +  178
\ ) 5 ( t 2 g ) P C l g -  241
\ ) / t 2 )  P C l /  251
0 2 ( ^ g ) P C l 6 -  )
0  3 ( t2 )P C l,
278
282
\ ; i ( " i g ) P C i 6 "  361
0 - , ( a ^ ) P C l ^ *  456
658
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because i t  had p r e v i o u s l y  been p re p a re d  by s u b l i m a t i o n  methods 
A check was made on t h e  t i m e  dependence o f  th e  T . B . P ,  t o  
Phase I I  PCl^  t r a n s i t i o n  by a l l o w i n g  a s u b l i m a t e  t o  warm to  
160K when o n l y  s m a l l  t r a c e s  o f  t h e  i o n i c  fo rm  was p r e s e n t  and 
h o l d i n g  i t  a t  t h i s  t e m p e r a t u r e  f o r  s e v e r a l  h o u r s .  There  was no 
change i n  t h e  sp e c t ru m  d u r i n g  t h i s  p e r i o d  s u g g e s t i n g  t e m p e r a t u r e ,  
n o t  t i m e ,  dependence f o r  t h e  t r a n s i t i o n .
S e v e r a l  v a r i a b l e - t e m p P T P t u r e  Raman s t u d i e s  were p e r fo r m e d  
on t h e  v a p o u r  g e n e r a t e d  f r om  th e  so c a l l e d  m e t a s t a b l e  Phase I I I  
P C l^ .  The r e s u l t s  o b t a i n e d  h e re  were n o t  e n t i r e l y  c o n s i s t e n t  
b u t  i n d i c a t e d  th e  e x p e c te d  t r a n s i t i o n  o f  T . B . P .  t o  Phase I I  
PCl^  as r e p o r t e d  e a r l i e r .  However,  i n  some c a s e s ,  t h i s  was 
f o l l o w e d  by a f u r t h e r  t r a n s i t i o n  t o  Phase I I I  PCl^  o c c u r r i n g  
f rom  220-2AGK.
2 . 1 . b  THE PBr^  SYSTEM
I n  d i r e c t  c o n t r a s t  t o  t h e  much s t u d i e d  c o v a l e n t  PCl^  sys te m,  
no s t r u c t u r a l  d a t a  have been r e p o r t e d  on t h e  c o m p o s i t i o n  o f  t he  
va po u r  phase s p e c i e s  above s o l i d  PB r^ .  A l l  r e s u l t s  f r om  va po ur  
p r e s s u r e  measurements i n d i c a t e  c o m p le te  d i s s o c i a t i o n  i n  PBr^ and
M o  1 1 )Br  above 3G5K * . No c o n c l u s i v e  e v i d e n c e  f o r  a T . B . P .
( 1 2 )
PBr^  m o l e c u l e  i n  s o l u t i o n  has been p r e s e n t e d  . E x p e r im e n ts
a na lo go u s  to  t h o s e  c a r r i e d  o u t  on th e  PCl^  sys tem were p e r fo rm e d  
w i t h  t h e  d e p o s i t i o n  t im e  f o r  t h e  v apou r  s p e c i e s  b e in g  3 hou rs  
f r om  a bo u t  273K. R e s u l t s  o f  a m a t r i x  i s o l a t i o n  s t u d y  a re
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p r e s e n t e d  i n  T ab le  2 . 5 .  These r e s u l t s  i n d i c a t e  p r e d o m i n a n t l y  
th e  d i s s o c i a t i o n  p r o d u c t s ,  PBr^  and B r ^ ,  a lo n g  w i t h  some 
e v id e n c e  f o r  t h e  t e t r a b ro m o p h o s p h o n iu m  c a t i o n  and t h e  t r i b r o m i d e  
a n i o n .  The l a t t e r  p r o d u c t s  p r o b a b l y  a r i s e  f r om  i n c o m p l e t e  
i s o l a t i o n  o f  t h e  PBr^  and Br ^  by t h e  A r ,  a l l o w i n g  some r e a c t i o n  
t o  o c c u r .  The p re s e n c e  o f  PBr^ and B r^  was c o n f i r m e d  by exam in ing  
i n d e p e n d e n t l y  t h e  Raman s p e c t r a  o f  a u t h e n t i c  samples  und e r  
i d e n t i c a l  c o n d i t i o n s  (see  T a b le  2 . 6 ( a )  and ( b ) ) .  The r e s u l t s  
o b t a i n e d  a re  i n  good agreement  w i t h  l i t e r a t u r e  v a l u e s  
C o n f i r m a t i o n  o f  t h e  bands due t o  P B r^ *  and B r^  i s  p r e s e n t e d  i n  
t h e  d i s c u s s i o n  o f  t h e  low t e m p e r a t u r e  s u b l i m a t i o n  r e s u l t s .  Thus, 
a l l  t h e  o b s e rv e d  band can be c o n f i d e n t l y  a s s ig n e d  t o  e i t h e r  
PBr^ o r  Br ^  t o g e t h e r  w i t h  some P B r^ *  and B r ^ ”  • No bands 
a t t r i b u t a b l e  t o  a monomer ic  T . B . P .  PBr^  s p e c i e s  a re  p r e s e n t .
The r e s u l t s  o f  t h e  low t e m p e r a t u r e  s u b l i m a t i o n  and warm-up 
e x p e r i m e n t s  were r a t h e r  d i f f e r e n t  and t h e  r e s u l t s  a re  p r e s e n t e d  
i n  Tab le  2 . 7  and F i g s  H e  and l i d .  The t r e n d s  o bs e rv ed  her e  may 
be r a t i o n a l i z e d  i n  t h e  f o l l o w i n g  manner .  The sp ec t r um  o b t a i n e d  
a t  15K i s  n o t  i n t e r p r e t a b l e  as r e s u l t i n g  s o l e l y  f rom  the  s i m p l e  
d i s s o c i a t i o n  p r o d u c t s ,  PBr^ and B r ^ ,  o r  f rom  a T . B . P .  PBr^ m o lec u le ,  
I t  i s  a l s o  n o t  i n d e n t i c a l  t o  t h e  sp e c t ru m  o f  th e  m a t r i x  i s o l a t e d  
" P B r ^ "  v a p o u r  d e s c r i b e d  e a r l i e r ,  th e  most  n o t i c e a b l e  d i f f e r e n c e  
b e in g  th e  absence o f  t h e  c h a r a c t e r i s t i c  s t r e t c h i n g  mode a t
300 cm”  a s s o c i a t e d  w i t h  s o l i d ,  e l e m e n t a l  b ro m in e .  However , th e
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TABLE 2 . 5
, -1
Raman wavenumbers /cm o f  PBr^  va po u rs
co -c ondensed  w i t h  Ar  a t  15K
Ass ig nm en ts  Uavenumbers
^ ( e j P B r g  123 s h (u )
\ )  4^+2^P®M 140(w)
^  g(a,,)PBr^ 162(ra)
^  , , ( a . , ) P B r ^ *  2 3 3 ( s )
+
2 5B (s )
0  (sym)  B r^  3 0 8 ( s )
0 , , ( a . , )  + l ) 2 ( e ) P B r 2 3 B 4 ( m , b r )
\ ^ ^ ( t 2 ) P B r +  4 9 0 ( w , b r )
TABLE 2 . 6
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/ -1Raman uiavenumbers/cm o f : -
a )  PBr^ v a po u r  condensed a t  16K and t h e n  warmed
16K BOK Ass ig nm en t
1 1 9 (s )
16 5 ( s ) 
3 8 5 ( s , b r )
1 1 8 (s )
1 2 5 ( s )
1 6 5 ( s )
3 8 0 ( s )
404(m)
\ ) 2 ( 3 i ) P 8 r 3
v ; i ( a , ) P B r 3
^ 3 ( e ) P 8 r 3
b)  Br ^  v apour  condensed a t  16K
Ass ig nm en t
8 6 ( vw ) 
99 (vw)  
297)
304) ( v s )
l a t t i c e  modes
0  ( B r - B r )
TABLE 2 . 7
Raman uavenumbers /cm  ^ o f  PBr^ v a p o u r  d e p o s i t e d
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a t  15K and s u b s e q u e n t l y  warmed
15K 125K 200K 230K
74(w) 74(w) 73(m) 73(m)
103 (vw) 106 (vw)
119(w) 12Q(w)
144(m) 143(m) 1 4 4 (s )
141 )
147) (m) 
157)
163(m/w) 164(w)
I 7 7 ( v w ) 179 (vw)
2 4 7 ( v s ) 2 4 3 ( v s ) 2 3 3 ( s , b r ) 2 2 9 ( v s )
2 6 9 ( v s ) 256(m)
346 (vw) 3 4 5 ( vu )
3 8 l ( w , b r ) 3 8 0 ( w , b r )
4 9 4 ( u , b r ) 4 8 7 ( m , b r ) 4 7 7 ( m , b r )
470)
475 )  (w)
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Solid PBo; a t i j  15 K
i i)  125 K
lùoWÜ 1002005ÔÔ
cm
62
Solid PBor at I) 200 K
ii) 230 K
J
100200300500 WO
cm~
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p re sence  o f  PBr^ i s  i n d i c a t e d  by t h e  p o s i t i o n  and i n t e n s i t i e s  o f
bands a t  119, 153 and 381 cm (see  Tab le  2 . 6 ( a )  f o r  an a u t h e n t i c
PBr^ s a m p le ) .  The s t r o n g  band a t  269 cm  ^ i s  r e a s o n a b l y
( 13 )a t t r i b u t e d  t o  a p o l y b r o m i d e  s p e c i e s  such as B r^  . The
r e m a i n i n g  bands i n  th e  sp e c t ru m  ( 7 4 ,  144,  247 and 494 cm ^ ) were 
a l s o  o b s e rv e d  i n  t h e  m a t r i x  i s o l a t i o n  e x p e r i m e n t  and a re  i n  good 
agreement  w i t h  th o s e  r e p o r t e d  f o r  t h e  P B r^ *  i o n  i n  v a r i o u s  
comp lexes ( T a b le  2 . 8 a ) .  Thus i t  i s  q u i t e  r e a s o n a b l e  to
i n f e r  t h e  p re s en c e  o f  P B r ^ ^ B r ^ "  a jud gem en t  s u p p o r t e d  by
th e  f a v o u r a b l e  c o m p a r i s on  o f  t h e  r a t h e r  b ro ad  bands o b t a i n e d  i n  
t h i s  s p e c t ru m  ( F i g  l i e )  w i t h  t h o s e  f r om  an a u t h e n t i c  specimen o f  
P B r ^ ^ B r ^ " .  ( T a b le  2 , 8 b )  • Warming i n d u c e s  a r e d u c t i o n  i n  i n t e n s i t y  
o f  t h e  bands a s s o c i a t e d  w i t h  PBr^  and th e  Br^  i o n  u n t i l  a t  1B0K 
o n l y  t h o s e  due to  PB r^^  r e m a in .  T h i s  p re s u m a b ly  r e s u l t s  f rom  a 
s o l i d - s t a t e  r e a c t i o n  o f  PBr^ and Br^  as i t  i s  q u i t e  u n l i k e l y  t h a t  
b ro m in e  o r  PBr^ i s  l o s t  v i a  v a p o u r i s a t i o n  a t  such low t e m p e r a t u r e s .  
The bands i n  the  s p ec t r um  a re  s t i l l  r a t h e r  b road  and f u r t h e r  warming 
t o  a b o u t  23QK i s  r e q u i r e d  t o  cause them t o  s h a r p e n ,  p r o d u c i n g  the  
c h a r a c t e r i s t i c  sp ec t r um  o f  p o l y c r y s t a l l i n e  PB r^ ^Br  . T h i s  be­
h a v i o u r  (cF the  PCl^  sys te m )  i s  t h o u g h t  t o  a r i s e  f rom an o r d e r i n g  
p ro c e s s  i n  th e  c r y s t a l  l a t t i c e .  T ab le  2 . 9 ( a )  and ( b )  show a s s i g n ­
ments f o r  th e  s p e c t r a  a t  15K and 230K. Thus, t h i s  s t u d y  i s  con­
s i s t e n t  w i t h  p r e v i o u s  s t u d i e s  as i t  o f f e r s  no e v id e n c e  f o r  the  
e x i s t e n c e  o f  a T . B . P .  fo rm  o f  PB r^ .  The f o l l o w i n g  scheme i l l u s t r a t e s
TABLE 2 . 8
Ass ig nm en t  o f  th e  Raman s p e c t r a  o f  
a )  s o l i d  P B r ^ ^ B r "  and b )  P B r ^ ^ B r ^ "
6i,
a)  P B r^ + B r " b )  P B r ^ ^ B r ^ "
V  2 (e )P B r ^ *
\ /  4 ( k 2 )P B r 4 +  
\ )  l ( = l ) P B r 4 +
Ass ig nm en t  Wavenumber/cm  ^ Ass ig nm en t
( 73 
( 85
( 139 
( 141 
( 145
229
( 470
( 476
( 484
0  j B i y "  
^  j (  7 j  ) 8 t 2
\)
Wavenumber/cm
( 67 
( 69
- 1
( 90 
( 94
135
( 147 
( 151
( 228 
(231
( 247 
( 251
( 479 
( 480 
( 481
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TABLE 2 . 9
Ass ig nm en t  o f  th e  PBr^  v a r i a b l e  t e m p e r a t u r e  s t u d y
a t  a )  15K and b )  230K
a)  I S K f d i s o r d e r e d p B r ^ ^ B r ^ "  and P B r^ )  b )  230K ( l a t t i c e  o r d e r e d  P B r ^ ^ B r " )
Ass ig nm en t  Wavenumber/cm
x j g / e i P B r ^ *  74 (w)
? 103 (vw)
119(w)
1^4(m)
163(m)
177(vw)  
2 4 7 ( v s )
2 5 9 ( v s )
? 246 (vw)
O i ( a i ) n ) 3 ( e ) P 8 r 3 3 8 1 ( w , b r )  
\ ) 3 ( t 2 ) P B r ^ *  4 9 4 ( u , b r )
-1 Ass ignm en t  Wavenumber/cm -1
0  4 ( e ) P 8 t 3  
V ) 2 ( " i )PS^3
7
)B :3
0 2 ( e ) P B r 4 *
0 4 ( t 2 ) P B r /
\ ) 3 ( + 2 ) P B r , +
73(m)
(141
( I 4 7 ( m )
(157
\ ) ^ ( a ^ ) P B r ^ +  2 2 9 ( v s )
(470
(47 5( w)
(482
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th e  b e h a v i o u r  o f  p hospho rus  p e n t a b r o m id e  as obs e rv e d  by Raman 
s p e c t r o s c o p y .
2 P B r / B r ” ( c )  f -  2 P 3 r 3 ( g )  +  2 B r 2 ( g )
( l a t t i c e  o r d e r e d ,  298K)
warming Î r a p i d  c o o l i n g
2 P B r ^ * B r - ( c )
warming
PB r^ * (c )  + PBr2(c)
( l a t t i c e  d i s o r d e r e d ,  180K) ( l a t t i c e  d i s o r d e r e d ,  15K)
O v e r a l l ,  t h i s  s t u d y  has s e rv e d  to  h i g h l i g h t  t he  s t r u c t u r a l  
d i f f e r e n c e s  between p ho s phorus  p e n t a c h l o r i d e  and phosphorus  
p e n ta b r o m id e  i n  t h e  gas pha se .  I t  has c o n f i r m e d  t h e  e x i s t e n c e  o f  
m o l e c u l a r  ( T . B . P . )  PCl^  and shown t h a t  PBr^  i s  d i s s o c i a t e d  i n  gas 
phase i n t o  PBr^ and B r 2 , i n d i c a t i n g  t h a t  f o r m a t i o n  o f  a T . B . P .  
PBr^  s p e c i e s  must  be e n e r g e t i c a l l y  unfavourable.
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CHAPTER 3 
RESULTS AND DISCUSSION 8 
3 .  Raman S p e c t r a  o f  some T e t ra h a l o p h o s p h o n i u m  Compexes
3 ,1 E f f e c t s  o f  " s i n g l e  h a l i d e  i o n s "  on t h e  Raman S p e c t r a  o f
T e t r a h a l o p h o s p h o n i u m  Complexes
I n  C h a p t e r  1 t h e  e x i s t e n c e  o f  compounds c o n t a i n i n g  t he  
t e t r a c h l o r o  and te t r a b r o m o p h o s p h o n i u m  c a t i o n s  was n o t e d ,  as were 
th e  s o l i d - s t a t e  s t r u c t u r e s  o f  t h e  p a r e n t  p e n t a h a l i d e s . These 
s t r u c t u r e s  were d i f f e r e n t ,  w i t h  pho sph o rus  p e n t a c h l o r i d e  (Phase
I I )  h a v i n g  th e  s t r u c t u r e  PCl^  PCl^  whereas pho sph o rus  p e n t a ­
b ro m id e  e x i s t s  as P B r^ ^ B r  . Bo th  o f  t h e s e  compounds c o n t a i n  
t e t r a h e d r a l  c a t i o n s  w h i c h ,  a c c o r d i n g  to  g ro up  t h e o r y ,  s h o u ld  have 
th e  f o l l o w i n g  v i b r a t i o n a l  r e p r e s e n t a t i o n
P v i b  = a ^ (R )  + e ( R) + 2 t ^  ( R, I R )  f o r  i s o l a t e d  s p e c i e s  
where R and IR i n d i c a t e  Raman and i n f r a - r e d  a c t i v i t y .  T h i s  has 
been e x p e r i m e n t a l l y  c o n f i r m e d  and f o r  c l a r i t y  i n  th e  f o r t h c o m i n g
d i s c u s s i o n  Raman wavenumbers f o r  t h e s e  two compounds a re  p r e s e n t e d
( 1 2 )i n  Tab le  3 ,1  and a re  a s s ig n e d  f r om  p r e v i o u s  s t u d i e s  '  . I t  i s
th e  b e h a v i o u r  o f  th e s e  4 Raman a c t i v e  c a t i o n  modes on c o m p l e x a t i o n  
t h a t  i s  o f  i n t e r e s t ,
A c o n s i d e r a t i o n  o f  v a r i o u s  d e r i v a t i v e s  o f  p ho s ph o rus  p e n t a ­
c h l o r i d e  i n d i c a t e s  t h a t  t h e  P C l ^ *  f u n d a m e n t a l  f r e q u e n c i e s  are  
a lm o s t  i n v a r i a n t ;  t h e  Raman wavenumbers a re  p r e s e n t e d  f o r  a r e p r e ­
s e n t a t i v e  s e l e c t i o n  i n  Tab le  3 . 2 .  They may be compared w i t h  th ose  
o f  th e  Phase I I I  " m e t a s t a b l e "  PC l^  l i s t e d  i n  the  same t a b l e .  As 
n o te d  i n  C ha p t e r  1,  t h e  f o r m u l a t i o n  ( P C l ^ ^ ) 2pClg  Cl  was p r e s e n t e d
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TABLE 3.1
RAMAN WAVENUMBERS/cm"l FOR a)  PHASE I I  PHQ5PHDRU5PENTACHL0RIDE 
AND b )  PHOSPHORUS PENTABROMIDE
a)  P C l ^ + P C l ^ "  b )  P B r ^ ^ B r "
As s ignm en t   ^  ^  ^ Wavenumber  ^^  ^ Ass ignm en t   ^ Wavenumber  ^^ ^
\ } 2 ( e )  PC I4+ 177 (m) P B r /  ( 73 (m)
V ? 5 ( t 2g)  P C l g "  240 (w/m)  ^
( t  ) PCI *  250 ( s )  ( 140 (m)
^ 2 ( ^ 9 ) P C l g -  279 ( s )  PB^4 ( 146 W
ô ^ ( a ^ g )  PCig 360 ( u s )
PC iy ^  458 ( s )  P B r^ *  229 ( u s )
9  - X t  ) PCI *  656 (w)  ( 469 (m)
V , ( t , )  P B r /  ( 475 (w)
( 481 (m)
1) F,  3 .  Ryan; Ph. D, T h e s i s ,  U n i v e r s i t y  o f  London,  1972
2) A l l  f r e q u e n c i e s  o b t a i n e d  i n  th e  p r e s e n t  s t u d y
3)  P. D h a m e l i n c o u r t  and M, C r u n e l l e - C r a s ;  Compt. R e n d n . , 1971,  
2723,  124 and r e f e r e n c e s  t h e r e i n
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f o r  Phase I I I  P C l^ ;  hence th e  main d i f f e r e n c e  between t h i s  and 
t h e  o t h e r  l i s t e d  complexes i s  t h e  p re s en c e  o f  a s i n g l e  h a l i d e  
i o n .  The d a t a  i n  T a b le  3 . 2  show t h a t  t h e r e  i s  a s i g n i f i c a n t  
f r e q u e n c y  d e c rea s e  i n  t h e \ 7 ^ ( a ^ )  mode a t  ^  460cm"^ and th e  
^ ^ ( t ^ )  mode a t  656cm ^ o f  t h e  P C l ^ *  i o n  when p a s s i n g  f r om  
comp lexes w i t h  p o l y a t o m i c  a n i o n s  ( e g .  BCl^  , SbC l^ ” , PC1^~) to  
Phase I I I  P C l ^ .
F i g u r e  I l i a  o f f e r s  a c o m p a r i s o n  o f  t h e  Raman s p e c t r a  o f
Phase I I I  and I I  P C l ^ .  The l o w - f r e q u e n c y  s h i f t  i s  a p p a r e n t ,
as i s  th e  r e v e r s a l  o f  t h e  r e l a t i v e  i n t e n s i t i e s  o f  th e  bands due
to  P C l ^ *  and P C l ^ "  i n  t h e  Phase I I I  m o d i f i c a t i o n .  The i m p l i c a -
(  5 9)t i o n s  o f  t h i s  have been d i s c u s s e d  e l s e w h e re  ’ b u t  th e  change 
i n  i n t e n s i t i e s  i n d i c a t e ? t h a t  t h e r e  may no l o n g e r  be a 1:1  
c o r r e s p o n d e n c e  between P C l^ ^  and PCl^  i o n s ,  so th e  p re s e n c e  o f  
Cl  i o n s  i s  n e c e s s a r y  t o  co n fo rm  w i t h  e x p e r i m e n t a l  a n a l y s i s  and 
to  m a i n t a i n  a n e u t r a l  s p e c i e s .
^ —
I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  i n  the  case o f  PCl^ I C l ^  a 
s h i f t  i n t e r m e d i a t e  i n  c o m p a r i s o n  w i t h  t h a t  o bs e rv ed  i n  Phase I I I  
PCl^  i s  r e p o r t e d  (see  Tab le  3 . 2 ) .  Thus t h e r e  appears  to  be a 
t r e n d  i n  t h e  Raman s p e c t r a  o f  t e t r a c h l o r o p h o s p h o n i u m  complexes 
w i t h  low  f r e q u e n c y  s h i f t s  when p o l y a t o m i c  a n io n s  a re  r e p l a c e d  
w i t h  h a l i d e  o r  p o l y h a l i d e  a n i o n s .
When c o n s i d e r i n g  d e r i v a t i v e s  o f  p hospho rus  p e n ta b r o m id e  the  
s i t u a t i o n  i s  t h e  r e v e r s e  o f  t h e  p e n t a c h l o r i d e  sys tem i n  t h a t  th e  
p a r e n t  compound c o n t a i n s  s i n g l e  h a l i d e  a n io n  PBr Br i n s t e a d  o f
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a p o l y a t o m i c  s p e c i e s  PCl^  PCl^  . Thus,  on t h e  b a s i s  o f  th e
f r e q u e n c y  s h i f t  c r i t e r i o n ,  Lew is  a c i d  comp lexes  w i t h  PBr^
wou ld  be e x p e c te d  t o  p ro duce  i n c r e a s e s  i n  f r e q u e n c y  o f  t h e
PBr^  modes. T a b le  3 . 3  p r e s e n t s  wavenumbers f o r  v a r i o u s
comp lexes c o n t a i n i n g  t h e  PB r^ ^  c a t i o n .  T h i s  shows t h a t  the
above p r e d i c t i o n  i s  i n d e e d  c o r r e c t  and t h a t  t h e O ^ ( a ^ )  P-Br
s y m m e t r i c  s t r e t c h  v a r i e s  f r om  230cm ^ when a s i n g l e  h a l i d e
- 1
i o n  i s  p r e s e n t  t o  253cm when r e p la c e d  w i t h  a p o l y a t o m i c  
a n i o n .  The s p e c t r a  o f  P B r ^ ^ B r "  and P8r ^ * B B r ^ ~  a re  compared 
i n  F i g ,  I l l b ,
From t h e s e  r e s u l t s  i t  i s  a p p a r e n t  t h a t  t h e r e  i s  a c o r r e l a t i o n  
between t h e  a n i o n  t y p e  and t h e  f r e q u e n c y  o f  t h e  Raman bands 
( e s p e c i a l l y  andV^ ^ )  t h e  t e t r a h a l o p h o s p h o n i u m  c a t i o n s .
These s h i f t s  a re  n o t  p e c u l i a r  t o  pho s ph o rus  c o n t a i n i n g  s p e c i e s :  
t h e  same t r e n d s  have been o b s e rv e d  i n  th e  cases o f  t h e  t r i c h l o r o -  
s u lp h o n iu m  c a t i o n  i n  t h e  compounds S C l ^ ^ C l "  and S C l ^ ' ^ A l C l ^ "   ^
and t h e  t r i c h l o r o s e l e n i u m  c a t i o n  i n  S e C l^ ^ C l  and SeC l^ ^BC l^  
T h e r e f o r e  i t  i s  r e a s o n a b l e  t o  c o n s i d e r  t h i s  s h i f t  phenomenOm as 
d i a g n o s t i c  f o r  t h e  p re sence  o f  s i n g l e  h a l i d e  i o n s .  U n t i l  now 
o n l y  one example o f  a " s i n g l e  h a l i d e "  s p e c i e s  f o r  t h e  P C l^ ^  c a t i o n  
was k n o w n : -  m e t a s t a b l e  PCl^  (PC1^ * ) 2PC1^ Cl  a l t h o u g h  th e  n e x t  
s e c t i o n  o f  t h i s  c h a p t e r  d e a l s  w i t h ,  a s i m i l a r  compound s y n t h e s i z e d  
i n  t h i s  l a b o r a t o r y .  D u r i n g  t h i s  s y n t h e s i s  s e v e r a l  new methods 
were d i s c o v e r e d  t o  p r e p a r e  m e t a s t a b l e  P C l ^ ,  The s t a n d a r d  method 
o f  p r e p a r a t i o n  was a r e c r y s t a l l i z a t i o n  o f  no rm a l  PCl^  f r om  d i c h l o r o -  
methane i n  t h e  p re s en c e  o f  some b ro m ine  I t  was fo un d  t h a t
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when t h i s  p r o c e d u r e  was r e p e a t e d  w i t h o u t  b ro m in e  th e  Raman 
s p e c t r u m  i n d i c a t e d  a m i x t u r e  o f  no rm a l  and m e t a s t a b l e  PC l^ .
However ,  u nd e r  U.V.  i r r a d i a t i o n  f r om  a medium p r e s s u r e  Hg 
l am p ,  t h i s  r e c r y s t a l l i z a t i o n  p ro du c ed  o n l y  th e  m e t a s t a b l e  
m o d i f i c a t i o n .  The same p r o d u c t  was o b t a i n e d  by t h e  r e c r y s t a l ­
l i z a t i o n  o f  nor ma l  PCl^  f r om  anh yd rou s  h y d r o g e n c h l o r i d e ,  th e  
r e a c t i o n  o f  PCl^  and C l ^  i n  anh y d rou s  hyd rog en  c h l o r i d e ,  and 
r e c r y s t a l l i z a t i o n  o f  no rm a l  PCl^  f r o m  c a rb o n  t e t r a c h l o r i d e ,  
c h l o r o f o r m  and pho sphorus  t r i c h l o r i d e  ( see  a l s o  T ab le  3 . 4 ) .
Any e x p l a n a t i o n  f o r  t h e  h i g h  f r e q u e n c y  s h i f t s  i n  s t r e t c h i n g  
modes o f  th e s e  c a t i o n s  when a s i n g l e  h a l i d e  o r  p o l y h a l i d e  a n i o n  
i s  r e p l a c e d  by a p o l y a t o m i c  a n i o n  i s  h a rd  t o  q u a n t i f y .  The 
c a t i o n s  a re  o b v i o u s l y  p e r t u r b e d  by s i n g l e  h a l i d e  and p o l y h a l i d e  
a n i o n s  b u t  n o t  to  an e x t e n t  t h a t  r e s u l t s  i n  l o s s  o f  n e t t  T^ 
sy mmetry .  T h i s  c o u l d  a r i s e  f r o m  i n t e r a c t i o n s  between the  h a l i d e
i o n  and th e  c a t i o n  i f  t h e  P - X ------------- X d i s t a n c e  i s  s m a l l e r  t h an
t h e  van d e r  U a a l s * s e p a r a t i o n s .  The rem ova l  o f  such an i n t e r a c t i o n  
( e . g .  r e p l a c i n g  X”  o r  X^ w i t h  a p o l y a t o m i c  a n i o n )  l e a d s  to  a h ig h  
f r e q u e n c y  Raman s h i f t  i n  some modes, p re s u m a b l y  a r i s i n g  f rom e i t h e r  
an i n c r e a s e  i n  th e  f o r c e  c o n s t a n t  o f  t h e  P-X bends o r  th e  re m ova l  
o f  any a n i o n / c a t i o n  v i b r a t i o n a l  c o u p l i n g .
S t e r i c  f a c t o r s  wou ld  a l s o  s e r v e  to  p r e v e n t  t h e  c l o s e  app ro ach  
o f  p o l y a t o m i c  a n i o n s ;  such f a c t o r s  w ou ld  be l e s s  a p p a r e n t  i n  t he  
case o f  th e  n ea r  l i n e a r  p o l y h a l i d e  a n io n s  and f u r t h e r  reduced  f o r  
s i n g l e  h a l i d e  a n i o n s .  C o n f i r m a t i o n  o f  t h i s  h y p o t h e s i s  r e q u i r e s
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s i n g l e  c r y s t a l  X - r a y  c r y s t a l l o g r a p h y  t o  g i v e  d e t a i l e d  s p a t i a l  
i n f o r m a t i o n .  U n f o r t u n a t e l y ,  t h i s  does n o t  e x i s t  f o r  t h e  PCl^  
s y s te m .  A l t h o u g h  th e  s t r u c t u r e  o f  Phase I I  ( P C l ^  PCl^  ) i s  w e l l  
e s t a b l i s h e d ^ ^  no s i n g l e  c r y s t a l  X - r a y  a n a l y s i s  has been r e ­
p o r t e d  f o r  Phase I I I  ( P C l ^  ^ powder X - r a y  a n a l y s i s
was p e r f o r m e d  by Cahay and W h a l l e y  b u t  p r o v i d e s  no d e t a i l e d  
i n s i g h t  i n t o  t h e  s t r u c t u r e  o f  Phase I I I  P C l ^ .  An i o n i c  model  o f  
Phase I I I  was p ro po s ed  by J e n k i n s  e t  a l ^  t o  e n a b le  c a l c u l a t i o n  o f  
v a r i o u s  t h e r m o c h e m i c a l  p r o p e r t i e s  o f  p ho s p h o ru s  ( V) c h l o r i d e
i s o m e r s .  T h i s  assumed s e l e c t i v e  i o n i z a t i o n  o f  t h e  PCI i o n s
5
w i t h i n  t h e  l a t t i c e  t o  p ro d u c e  P C l ^ *  and Cl  i o n s  and an e x t e n s i o n  
o f  th e  u n i t  c e l l  t o  m a i n t a i n  s t o i c h i o m e t r y .
D u r i n g  t h i s  work  a t t e m p t s  were made to  grow Phase I I I  c r y s t a l s  
o f  th e  c o r r e c t  d im e n s io n s  f o r  P r o f e s s o r  3 .  G. Shore  a t  Ohio S t a t e  
U n i v e r s i t y  b u t  t h e y  p ro v e d  t o  be opaque to  X - r a y s .  However t h e r e  
a re  r e p o r t e d  s t r u c t u r e s  f o r  b o t h  PBr^  and PBr^  w h ic h  e x i s t  as 
PBr^  Br  ^  ^^  ^^  ^ and P B r^ ^ B r ^  r e s p e c t i v e l y  and p r o v i d e
examples  o f  s i n g l e  h a l i d e  and p o l y h a l i d e  a n i o n s  (Raman wavenumbers 
f o r  th e s e  two compounds a re  c o n t a i n e d  i n  Tab le  3 . 3 ) .  Breneman 
and J i l l e t t  i n v e s t i g a t e d  P B r ^ ^ B r ^ "  and fo und  t h a t  t he  c a t i o n
was n e a r l y  t e t r a h e d r a l  w i t h  a l l  a n g le s  i n  th e  range  107 -1 10°  and 
a l l  bond d i s t a n c e s  i n  th e  range  2 . 1 6 -2 . 1 8 %  . The Br^  i o n  was 
fo un d  t o  be n e a r l y  l i n e a r  b u t  th e  two bond l e n g t h s  were s i g n i f i ­
c a n t l y  d i f f e r e n t ,  one b e in g  2.39% ( t h e  s i n g l e  bond d i s t a n c e  i n  
Br^  i s  2.28% ) w h i l s t  t h e  o t h e r  was e x ten de d  to  2.91%.  T h i s
7e
i n d i c a t e s  p o l a r i s a t i o n  o f  Br ^  by t h e  c a t i o n  and t h i s  app ea rs  to  
be c o n f i r m e d  as t h e  e x te n de d  t e r m i n a l  Br atom was o bs e rv ed  to  be 
much c l o s e r  t o  t h e  b ro m in e  atoms o f  t h e  s u r r o u n d i n g  c a t i o n s  th an  
t h e  o t h e r  two a n i o n  a toms.  Each e l o n g a t e d  end o f  th e  Br ^  was 
shown t o  have 4 b ro m in e  n e i g h b o u r s  w i t h i n  th e  3 . 1 - 3 . 4 %  range 
w h i l s t  app ro ach es  to  t h e  o t h e r  two a n io n  atoms were  n e a r l y  3 .9%. 
The b ro m in e  van d e r  Waals r a d i u s  i s  1.95% and hence s i g n i f i c a n t  
i n t e r a c t i o n  i s  i n d i c a t e d .  The o v e r a l l  t e t r a h e d r a l  symmetry  o f  
t h e  P B r^ *  c a t i o n  i s  n o t  s i g n i f i c a n t l y  p e r t u r b e d  as each o f  th e  
b ro m in e  atoms i s  i n v o l v e d  i n  o n l y  one " c l o s e  c o n t a c t "  w i t h  the
e lo n g a t e d  end o f  t h e  Sr^  i o n .  T h i s  i s  w h o l l y  c o n s i s t e n t  w i
( 1 4 )t h e  a v a i l a b l e  Raman d a t a  as no bands u n a s s i g n a b l e  t o  a
t h
PBr^  T^ s p e c i e s  o r  t h e  a n i o n  a ppea r  i n  t he  sp e c t ru m  i n d i c a t i v e
o f  no g ro s s  d i s t o r t i o n  o f  c a t i o n  symmetry .
The c r y s t a l  s t r u c t u r e  o f  P B r^^B r  was r e i n v e s t i g a t e d  by 
( 1 2 )Gabes and O l i e  i n  1970 and th e  c a t i o n  was c o n f i r m e d  to  be
a n e a r l y  r e g u l a r  t e t r a h e d r o n  w i t h  a l l  P -B r  d i s t a n c e s  w i t h i n  t he  
ran ge  2 . 1 3 - 2 . 1 7 % .  T h i s  was c o n s i s t e n t  w i t h  e a r l i e r  work 
Each Br  i o n  was foun d  t o  be s u r r o u n d e d  by 4 b ro m ine  a toms,  each
f rom  a d i f f e r e n t  c a t i o n ,  w i t h  i n t e r a c t i o n ' ,  d i s t a n c e s  a v e r a g i n g
3.12%,  a g a in  l e s s  t h an  th e  van d e r  ' J a a l s '  s e p a r a t i o n .  Thus t h e r e  
i s  a g a in  q u i t e  c o n s i d e r a b l e  a n i o n / c a t i o n  i n t e r a c t i o n  w i t h o u t  n e t t
l o s s  o f  sym metr y ,  f a c t s  f u l l y  c o n s i s t e n t  w i t h  t h e  Raman sp ec t r um
_ . . .  , ( 1 4 , 1 5 )o f  t h i s  compound
These d a t a  can be used to  e x p l a i n  t he  o b s e rv e d  Raman s h i f t s ;
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th e  c l o s e  app ro ach  o f  t h e  h a l i d e  o r  p o l y h a l i d e  a n i o n  may weaken 
t h e  P-X bonds i n  th e  c a t i o n  w i t h  c o n s e q u e n t  l o w e r  s t r e t c h i n g  
f r e q u e n c i e s .  Such c l o s e  c o n t a c t s  a re  l e s s  p r o b a b l e  where  p o l y ­
a t o m i c  a n i o n s  a re  i n v o l v e d  and hence s i g n i f i c a n t  p e r t u r b a t i o n s  
o f  th e  s t r e t c h i n g  f r e q u e n c i e s  a re  l e s s  l i k e l y .
At  t h i s  p o i n t  i t  seems w o r t h w h i l e  to  s p e c u l a t e  on th e  
mechan isms t h a t  may be i n v o l v e d  i n  t h e  p r o d u c t i o n  o f  t h e  meta­
s t a b l e  Phase I I I  PCl^  and o t h e r  r e l a t e d  compounds.  T ab le  3 . 4  
p r e s e n t s  t h e  v a r i o u s  methods known t o  p ro d u c e  Phase I I I  PCl^  and 
i t  i s  c l e a r  f r om  t h e i r  v a r i e t y  t h a t  t h e  p ro c e s s e s  o c c u r r i n g  a r e ,  
i n  e n e r g e t i c  t e r m s ,  v e r y  f i n e l y  b a l a n c e d .  S e v e r a l  o f  t h e s e  
methods r e q u i r e  f u r t h e r  comment.
The b e h a v i o u r  o f  PBr^  and PCl^  i n  c a rb o n  t e t r a c h l o r i d e  has
( 16 il o n g  been o f  i n t e r e s t .  I n  1930 K r a k o w i e c k i  r e p o r t e d  t h a t
when s a t u r a t e d  s o l u t i o n s  o f  t h e  pho sph o rus  h a l i d e s  i n  t h i s  s o l v e n t
were c o o l e d ,  complex  f o r m a t i o n  o c c u r r e d  and a n a ly s e s  l e a d  to  the
p ro posed  f o r m u l a t i o n s  P B r^ . 2 C C l ^  and 2PC1^.CC1^. The p en ta b ro m id e
(1 7 )
complex  has been s u b s e q u e n t l y  p re p a r e d  and the  Raman spec t r um
was r e c o r d e d  d u r i n g  t h i s  s t u d y .  Bands due to  th e  FBr^  c a t i o n  
d o m in a te  t h e  s p e c t r a  = 0 ^ ( a ^ )  228 ( v s ) , 0 2 (®) 74 ( m ) , ^ ^ ( t ^ )
482 (m) a n d t ) ^ ( t 2 ) 145 (m ) .  The p o s i t i o n  o f  t h e O ^  P -Br  s ym m e tr ic  
s t r e t c h  i n d i c a t e s  t h e  p re sence  o f  a s i n g l e  h a l i d e  i o n  (cF i n
P B r^ ^B r  a t  229 cm ^ ) and th e  d e g e n e r a t e  ^^2 ^ 1^ 3 > modes do not  
e x h i b i t  th e  c h a r a c t e r i s t i c  s p l i t t i n g s  f ound  i n  th e  sp ec t r um  o f  
the  p a r e n t  p e n t a b r o m id e .  T h i s  s u g g e s ts  t h a t  the  two CCl^ m o le c u le s
80
TABLE 3 . 4
KNOWN METHODS OF PREPARATION OF PHASE I I I
"METASTABLE" P C l ^ : -  ( P C l / ) _  PCl^  Cl '  b 4 Z o
1 . A p p l i c a t i o n  o f  p r e s s u r e  t o  Phase I I  PCl^  ( a , b , c ) ^
2.  V a r i o u s  s u b l i m a t i o n  t e c h n i q u e s
3.  C he mica l  m e th od s ,  ^
a )  R e c r y s t a l l i z a t i o n  o f  Phase I I  PCI f r om  Ch Cl  i n  th e
I f  a l i t t l e  Br^p re s e n c e  o f  b
se
( i
b )  R e c r y s t a l l i z a t i o n  o f  Phase I I  P C l ^ f r o m  CH^Cl^ i n  t h e
p re s e n c e  o f  a l i t t l e  SCl^
c )  R e c r y s t a l l i z a t i o n  o f  Phase I I  PCl^  f r om  CCl^
d)  R e c r y s t a l l i z a t i o n  o f  Phase I I  PCl^  f r om  anh yd rou s  HCl
e)  R e c r y s t a l l i z a t i o n  o f  Phase I I  PCl^  f r om  CHCl^
f )  R e a c t i o n  o f  PCl^  and C l ^  i n  anhyd rous  HCl
g)  R e c r y s t a l l i z a t i o n  o f  Phase I I  PCl^  f r om  CH2C I 2 d u r i n g  
c o n t i n u o u s  U .V .  i r r a d i a t i o n
h)  R e c r y s t a l l i z a t i o n  o f  Phase I I  PCl^  f r om  PCl^
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( a )  R. Cahay and E. W h a l l e y ;  3.  Chem. P h y s . , 1979,  7 0 , 5534
( b )  R, Cahay, P. T. T.  Wong and E. W h a l l e y ;  3.  Chem. P h y s . , 1979;
70,  5539
( c )  3 .  A. R i p m e e s t e r ,  P. T. T. Wong, D. W. D av id s on  and E. W h a l l e y ;
3 .  Chem. P h y s . , 1979,  70 ,  5545
( d )  A. I .  Popov,  D. H. Geske and N. C. B a e n z i g e r ;  3.  Amer, Chem. S o c . ,
1955,  7 8 ,  1793
( e )  H. 'C h i h a r a ,  M. Nakamura and K. Muskane;  B u l l .  Soc. Chem. 3 a p . ,
1967,  50
( f )  R. B a u m g a r tn e r ,  W. Sawodny and 3 .  Goubeau; Z. An orq .  A l l q e m .  Chem., 
1966,  3 3 1 . 171
( g )  3.  G. Shore  and H. K n a c h e l ,  p e r s o n a l  c o m m u n ic a t i o n
( h )  A. F i n c h ,  P. N. G a te s ,  F. 3.  Ryan and F. F . B e n t l e y ;  3.  Chem. Soc.
D a l t o n  T r a n s , 1973,  1863
( i )  A. F i n c h ,  P. N. G a te s ,  H. D. B. J e n k i n s  and K. P. T ha k u r ;  3.  Chem. 
Soc. Chem. Comm.. 1930,  579
( j )  P r e s e n t  S tud y
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must be l o o s e l y  bound to  t h e  aAiofîi so as t o  p e r t u r b  th e  s i t e
symmetry  fo un d  i n  pho sph o rus  p e n t a b r o m id e  w h i l e  m a i n t a i n i n g
t o t a l  t e t r a h e d r a l  symmetry  o f  t h e  c a t i o n .  A l s o ,  f rom th e
p o s i t i o n  o f  th e  V   ^ v i b r a t i o n  a t  228 cm t h e r e  i s  s t i l l
c o n s i d e r a b l e  i n t e r a c t i o n  between th e  b ro m id e  a n io n s  and th e
c a t i o n i c  b ro m ine  atoms b u t  no c r y s t a l l o g r a p h i c  s t u d y  has been
p e r f o r m e d  on t h i s  m o l e c u l e  t o  e n a b le  th e  d e t e r m i n a t i o n  o f  the
n a t u r e  o f  th e s e  p e r t u r b a t i o n s .
The p r e p a r a t i o n  o f  th e  complex  2PC1^,CC1^ has n o t  been
(18 19)r e p e a t e d  d e s p i t e  s e v e r a l  a t t e m p t s   ^ , t hough  r e c r y s t a l l i z a t i o n
o f  Phase I I  PCl^  f r om  c a rb on  t e t r a c h l o r i d e  has been fo un d  to
p ro du ce  th e  m e t a s t a b l e  m o d i f i c a t i o n  ^^O)^ S t u d i e s  have shown
t h a t  i n  c a rb on  t e t r a c h l o r i d e  t h e  a p p a r e n t  m o l e c u l a r  w e i g h t  o f
(21 )
PCl^  shows some c o n c e n t r a t i o n  dependence ' and,  when e x t r a ­
p o l a t e d  t o  i n f i n i t e  d i l u t i o n .  S h o r e ' s  c r y o s c o p i c  i n v e s t i g a t i o n s
( i s )i n d i c a t e  t h e  p re s e n c e  o f  a d i m e r i c  s p a c i e s   ^ . However ,  v apour
p r e s s u r e  measurements i n d i c a t e d  th e  p r e o o m in a n t  s p e c i e s  to  be 
( 19 )monomeric  and when th e  c r y o s c o p i c  measurements n o te d  e a r l i e r  are.
c o r r e c t e d  f o r  s o l i d  s o l u t i o n  f o r m a t i o n  a monomer ic f o r m u l a t i o n  
i n  c a rb on  t e t r a c h l o r i d e  i s  i n f e r r e d .  Thus i t  can be seen t h a t  
the  b e h a v i o u r  o f  PCl^  i n  c a rb o n  t e t r a c h l o r i d e  has p r o v i d e d  r a t h e r  
c o n f l i c t i n g  r e s u l t s  p r e v i o u s l y  w i t h  a l l  p h y s i c a l  methods i n d i c a t i n g  
a monomer ic  m o l e c u l a r  s p e c i e s  t o  be p r e s e n t  as opposed t o  the  
o r i g i n a l l y  r e p o r t e d  complex  and the  f a c t  t h a t  m e t a s t a b l e  PCl^ i s  
fo rmed  upon r e c r y s t a l l i z a t i o n  o f  Phase I I  PCl^  i n  t h i s  s o l v e n t .
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( 22  )I t  i s  i n t e r e s t i n g  a t  t h i s  p o i n t  t o  r e c a l l  t h a t
vacuum t r e a t m e n t  o f  an u n s t a b l e  P C l2/ B r 2 r e a c t i o n  p r o d u c t  
( p e r f o r m e d  i n  CC l^ )  y i e l d e d  a y e l l o w  powder w i t h  u n i t  c e l l  
c o n t e n t s  w h ic h  may be r e w r i t t e n  i n  s i m p l e  te rms
as P ^ C l ^ ^ B r  i e  (P C l ^  * w h i c h  i s  t h e  a na lo gue  o f
m e t a s t a b l e  PCl^  b u t  w i t h  a b ro m id e  s u b s t i t u t e d  f o r  a c h l o r i d e  
i o n .  Under  vacuum s u b l i m a t i o n  t h i s  s u b s t a n c e  p ro duced  m e t a s t a b l e
PC I5 .
R e c r y s t a l l i z a t i o n  o f  Phase I I  PCl^  f r o m  d i c h l o r o m e t h a n e  
p ro du c ed  p r e d o m i n a n t l y  unchanged P C l ^ ^ P C l ^ "  th ou gh  o c c a s i o n a l l y  
t r a c e s  o f  t h e  m e t a s t a b l e  m o d i f i c a t i o n  were o b t a i n e d .  However 
i f  t h e  s o l u t i o n  was doped w i t h  Br ^  t h e  m e t a s t a b l e  fo rm  was 
i n v a r i a b l y  p ro du ced  The b e h a v i o u r  o f  t h e  b ro m in e  has n o t
been d i s c u s s e d  i n  p r e v i o u s  r e p o r t s  b u t  a s p e c u l a t i v e  mechanism 
w i l l  be p ro po sed  l a t e r .  I t  has a l r e a d y  been shown t h a t  i n  t he  
p re s e n c e  o f  a s i n g l e  h a l i d e  a n i o n ,  t he  s t r e t c h i n g  v i b r a t i o n s  o f  
PX^ t e t r a h e d r a  und ergo  low  f r e q u e n c y  s h i f t s  and t h a t  t h i s  
phenomenon m a n i f e s t s  i t s e l f  most  n o t i c e a b l y  on t h e \ J ^ ( a ^ )  P-X 
s y m m e t r i c  s t r e t c h .  T h u s \ ^ ^ ( a ^ )  P - C l  v a r i e s  f rom  458 cm” ^ i n  
PC l^ '^PC lg"  t o  441 cm"^ i n  ( P C l ^ ^ j ^ P C l g ' C l " .  When PCl^  i s  d i s s o l v e d  
i n  b r o m i n e ,  ^^P NMR s p e c t r o s c o p y  i n d i c a t e s  P C l ^ *  as the  o n l y  
pho s ph o rus  c o n t a i n i n g  m o i e t y .  T h i s  i s  s u p p o r t e d  by s o l u t i o n  
Raman s p e c t r o s c o p y ;  f o u r  bands a t  179,  250,  452 and 555 cm are
i n d i c a t i v e  o f  t h i s .  The s y m m e t r i c  P -C l  s t r e t c h  i s  i n  an i n t e r ­
m e d ia t e  p o s i t i o n  to  th ose  i n  P C l ^ ^ P C l ^ "  and (PCl^'* ’ ) 2PClg“ c i “
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(452 cm ^ compared 458 and 441 cm ^ ) .  A s t r o n g  b ro ad  ( 80 cm ^ )
band c e n t r e d  a t  275 cm must  be a s s o c i a t e d  w i t h  th e  a n i o n  and
i s  s h i f t e d  d o w n f i e l d  f r om  t h e  B r - B r  s t r e t c h  i n  e l e m e n t a l  b ro m in e
t h a t  o c c u r s  a t  310 cm "^ ,  A s a t u r a t e d  s o l u t i o n  o f  Et^IMCl i n
-1
b ro m in e  d i s p l a y s  t h e  same s t r o n g  f e a t u r e  c e n t r e d  on 278 cm ;
t h u s  i t  i s  r e a s o n a b l e  t o  s u r m i s e  t h a t  t h i s  band a r i s e s  f rom  a
t r i h a l i d e  a n i o n  such as B r ^ C l  o r  a m i x t u r e  o f  a t r i h a l i d e  i o n
and f r e e  B r ^ .  T h i s  i s  c o n s i s t e n t  w i t h  d a t a  i n  Tab le  3 . 2  and
3 , 3  w h i c h  shows t h a t  t h e  p re s e n c e  o f  a t r i h a l i d e  s p e c i e s  such
as 15^2 101^ causes s h i f t s  i n  t h e  s y m m e t r i c  P-X s t r e t c h e s
i n  PX^^ t o  p o s t i o n s  i n t e r m e d i a t e  i n  c o m p a r i s on  w i t h  X”  o r  a
p o l y a t o m i c  a n i o n .
The n a t u r e  o f  t r i h a l i d e  i o n s  i n  th ese  sys tems i s  w o r t h  some
d i s c u s s i o n  a t  t h i s  s t a g e .  I n  PBr^  t h e  Sr^  i o n  has been shown
(13 23)t o  be a s y m m e t r i c  w i t h  t h e  f o l l o w i n g  s t r u c t u r e  '
--------- O
w i t h  CooV symmetry  and a l l  t h r e e  modes showing i n f r a - r e d  and
Raman a c t i v i t y  (90  + 93,  150 + 154 and 248 + 251 cm ^ ) .  An
a s y m m e t r i c  s t r u c t u r e  i s  a l s o  i n f e r r e d  f o r  t he  Br i o n  fo un d  i n
3
t h e  low  t e m p e r a t u r e  s u b l i m a t i o n  o f  PSr^ d i s c u s s e d  i n  the  p r e v i o u s  
c h a p t e r  w i t h  bands a t  259,  177 and 103 cm . However s y m m e t r i c  
Br^  i o n s  a re  known and i n  t h e  f r e e  s t a t e  e x h i b i t  D o o K  symmetry 
( 2 3 , 2 4 ) ^  Here o n l y  th e  s y m m e t r i c  s t r e t c h i n g  mode i s  Raman 
a c t i v e  t hough  t h e a n t i s y m m e t r i c  s t r e t c h  may appear  w i t h  the
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breakdown o f  s e l e c t i o n  r u l e s  i n  t h e  s o l i d  s t a t e .  S y m m e t r i c a l
23
t r i h a l i d e  i o n s  o f t e n  o c c u r  i n  c r y s t a l s  w i t h  l a r g e  c a t i o n s
and a s y m m e t r i c  B r „  i o n  was fo un d  t o  o c c u r  i n  th e  MePBr C l „ ^ 3 n 3 -n
sys tem d i s c u s s e d  l a t e r  i n  t h i s  t h e s i s  and c h a r a c t e r i z e d  by
th e  i n t e n s e  band a t  168cm As can be seen t h e ^ ^  mode i n
-1t h e  a s y m m e t r i c  Br ^  i o n  i s  o n l y  a b o u t  50cm l o w e r  i n  f r e q u e n c y  
t h a n  th e  B r - B r  s t r e t c h  i n  e l e m e n t a l  b ro m ine  -  t h u s  t h i s  mode 
can be re g a r d e d  as a s l i g h t l y  p e r t u r b e d  weakened B r - B r  s t r e t c h i n g  
mode i n  a s p e c i e s  o f  t h e  t y p e  r e p r e s e n t e d  b e lo w .
..................... B r-Q rJ
I n  t h e  comp lexes P C l ^ * I C l 2~ and P B r^ ' ^ I B r ^ ”  th e  t r i h a l i d e s  have 
a s y m m e t r i c  s t r u c t u r e  i n  th e  f o r m e r  and an a s y m m e t r i c  s t r u c t u r e  
i n  th e  l e t t e r  ^ ^5) ^
The n a t u r e  o f  t h e  p ro posed  a n i o n  B r ^ C l  i n  b o t h  t he  E t ^ N C l /
Br ^  and P C l ^ / B r ^  sys tems can now be c o n s i d e r e d .  I f  t h i s  a n io n
i s  r e g a r d e d  as a s y m m e t r i c  t hen  th e  s t r o n g  band a t  278cm i s  
i n  a r e a s o n a b l e  p o s i t i o n  f o r  a s l i g h t l y  p e r t u r b e d  B r - B r  s t r e t c h  
as wou ld  o c c u r  i n  a s p e c i e s  such as
..............Br-BvJ  ( c . f . ^ B r   B r - B ^ a b o v e ) .
The Raman s p e c t r a  d i s p l a y e d  no o t h e r  bands a s s i g n a b l e  to
t h i s  a n i o n  so i t ' s  p re s en c e  must  be re g a r d e d  as t e n t a t i v e .  How­
e v e r ,  th e  band a t  278cm ^ i s  i n  a q u i t e  r e a s o n a b le  p o s i t i o n  
f o r  an a s y m m e t r i c  B r ^ C l "  i o n ,  because a s i m i l a r  s y m m e t r ic  s p e c ie s  
wou ld  p r o b a b l y  have a s y m m e t r i c  s t r e t c h  a t  r a t h e r  a l o w e r  
f r e q u e n c y .
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I n  one a t t e m p t e d  p r e p a r a t i o n  o f  m e t a s t a b l e  PCl^  by t he
r e c r y s t a l l i z a t i o n  o f  Phase I I  PCl^  f r om  CH^Cl^ i n  th e  p re s en c e
o f  B r ^ ,  r a t h e r  more Br ^  t h a n  u s u a l  was used .  On c r a s h  c o o l i n g
c r y s t a l s  o f  m e t a s t a b l e  PCl^  were o b t a i n e d  and an u n s t a b l e
y e l l o w  s o l i d  appeard  on f u r t h e r  c o o l i n g  o f  th e  f i l t r a t e .  The
Raman sp ec t r um  o f  t h i s  s o l i d  i n d i c a t e d  t h e  p re sence  o f  PCl^"*",
PClg and p o s s i b l y  B r ^ C l  ( de du ced  f r om  th e  b road  band c e n t r e d
a t  285cm ^ wh ic h  i s  u n d o u b t e d l y  s h i f t e d  t o  t h i s  h i g h e r  f r e q u e n c y
by m i x i n g  w i t h  t h e \ ^ 2 (Sg)  mode o f  PCl^  a t  2 7 9 ~ ^ ) .  The P C l ^ *
y ^ ^ ( a ^ )  band i n  t h i s  sp ec t r um  was r a t h e r  b ro ad  and c e n t r e d  on
449cm , a p o s i t i o n  i n t e r m e d i a t e  t o  th o s e  fo und  i n  Phase I I  and
m e t a s t a b l e  PCl^  (458 and 441cm ) .  E x a m in a t i o n  o f  th e  h i g h
f r e q u e n c y  band i n  t h e  PC l^^  s p e c t ru m  (t?^, t ^ ) shows 3 d i s t i n c t
- 1
compon en ts ,  c e n t r e d  on 658,  650 and 640cm r e s p e c t i v e l y .  Com­
p a r i s o n  o f  th os e  v a lu e s  w i t h  t h o s e  f o r  compounds c o n t a i n i n g  t he  
P C l ^ *  c a t i o n  ( T a b le s  3 ,1  and 3 . 2 ) ,  s u g g e s t  t h a t  t h e y  a r i s e  f rom 
r e s p e c t i v e  a s s o c i a t i o n  w i t h  a p o l y a t o m i c ,  t r i h a l i d e  and s i n g l e  
h a l i d e  a n i o n .  On s t a n d i n g  t h e  s o l i d  t r a n s f o r m e d  to  m e t a s t a b l e  
PCl^ -  m a n i f e s t e d  by th e  dec rea s e  i n  the  i n t e n s i t y  o f  t h e i P ^  ( a ^ ^ )
PC1^~ mode a t  360cm ^ and t h e  3 r „ C l  / P C l  complex o f  bandsD Z u
c e n t r e d  on 285cm ^ w i t h  a c o r r e s p o n d i n g  i n c r e a s e  i n  i n t e n s i t y  c f
th e  F C l ^ *  v i b r a t i o n s  a t  639 ,  441,  247 and 18Ccm ( a l l  c h a r a c t ­
e r i s t i c  o f  th e  p re sence  o f  a s i n g l e  h a l i d e  i o n ) .
I n  t he  l i g h t  o f  t h i s  e v id e n c e  i t  i s  p o s s i b l e  t h a t  t h e  t h r e e  
components o f  t h i s  m i x t u r e  were 1) PCI ^PCl  2) PCI * 8 r _ C l
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and 3)  (P C l^  ; i m p l y i n g  t h a t  2) i s  i n t e r m e d i a t e  i n
th e  f o r m a t i o n  o f  m e t a s t a b l e  P C l ^ ,  The f o l l o w i n g  f a c i l e  scheme
c o u l d  be p ro po sed  to  r e p r e s e n t  f o r  th e s e  o b s e r v a t i o n s
5PC1 ------------- > 3 P C l /  + 3PC1 "
b  4  b
P C lg "  + 2B r 2  ^ PCI4 *  + Z B r^ C l"
Z B r ^ C l " ---------------> 2Br^  + 2 C l "
P r o d u c t s :  4 P C l /  2PC1 "  2 C l "  = 2 ( P C l / ) ^  PC l^ “ C l "
4  o  4  /  o
! T h i s  scheme app ea rs  more r e a s o n a b l e  assuming th e  undou bted  
i n s t a b i l i t y  o f  th e  t r i h a l i d e  i o n  B r ^ C l ”  i n  an e n v i r o n m e n t  o t h e r  
t h a n  Br^  w h ic h  wou ld  a l l o w  f o r  t h e  d e c o m p o s i t i o n  o f  t h e  i n t e r ­
m e d ia t e  PCl^'^’S r ^ C l  and a l s o  s u p p o r t s  J e n k i n s  th er m od yna m ic
model  f o r  m e t a s t a b l e  PCl^  f o r m a t i o n  by a c c o u n t i n g  f o r  t he  s e l e c t i v e
d e c o m p o s i t i o n  o f  c e r t a i n  PCl^ i o n s  i n t o  PCI,"*" and 2C1 i o n s .
b  4
A l t h o u g h  t h i s  scheme may n o t  a c c o u n t  f o r  a l l  p r e p a r a t i o n s  l e a d i n g  
to  th e  f o r m a t i o n  o f  m e t a s t a b l e  P C l ^ ,  i t  i s  s u p p o r t e d  by Raman 
e v id e n c e  as b e in g  a p l a u s i b l e  mechanism f o r  t h e  P C l ^ / C H ^ C l ^ / S r ^  
p r e p a r a t i o n .
I n  t h i s  s t u d y  Phase I I  PCl^  was r e c r y s t a l l i z a t e d  f rom  b ro m in e  
a l o n e .  A d a rk  red  u n s t a b l e  a g g r e g a t e  was p ro duced  and no Raman 
s p ec t r um  c o u l d  be r e c o r d e d .  However ,  pumping o f  t h i s  a g g r e g a t e  
y i e l d e d  a p a le  y e l l o w  powder  and a Raman s p ec t r um  o f  t h i s  was 
i d e n t i c a l  t o  t h a t  o f  Phase I I I  m e t a s t a b l e  PCl^ .
I t  i s  i n t e r e s t i n g  a t  t h i s  p o i n t  to  compare the  e f f e c t s  o f  
t h e  v a r i o u s  h a log en s  upon r e c r y s t a l l i z a t i o n  c f  Phase I I  PCl^
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f r o m  CH^Cl^ .  Bromine has a l r e a d y  been d i s c u s s e d  a t  some
l e n g t h  and no d a t a  e x i s t  f o r  such a p ro c e s s  p e r f o r m e d  i n  th e
p re s en c e  o f  f l u o r i n e .  I n v e s t i g a t i o n s  i n  t h i s  l a b o r a t o r y  have
shown t h a t  t h e  p re s en c e  o f  c h l o r i n e  i n  th e  PC l^ /C H 2C l 2 sys tem
( 26 )does n o t  l e a d  to  t h e  f o r m a t i o n  o f  t h e  m e t a s t a b l e  compound
"f" —
and th e  p re s en c e  o f  i o d i n e  l e a d s  t o  th e  f o r m a t i o n  o f  PCl^  I C I 2
( 2 5 ) , I n  te rm s  o f  t h e  t r i h a l i d e  i n t e r m e d i a t e  d i s c u s s e d  e a r l i e r  
f o r  t h e  FCl^/CH2C l 2/ B r 2 r e a c t i o n ,  t h e  i n t e r a c t i o n  o f  c h l o r i n e  
w i t h  PCl^  i s  n e g l i g i b l e  ( a t  l e a s t  a t  a m b ie n t  t e m p e r a t u r e s  where  
t h e  C l ^  i o n  i s  known to  be u n s t a b l e ) .  When i o d i n e  i s  p r e s e n t  
i n  t h i s  sys te m t h e  v e r y  s t a b l e  I C I 2 s a l t  i s  fo rmed  i m m e d i a t e l y ,  
p o s s i b l y  because o f  t h e  g r e a t e r  e l e c t r o p o s i t i v i t y  o f  t h e  i o d i n e  
a toms.  B ro m ine ,  t h e r e f o r e ,  o c c u p i e s  an i n t e r m e d i a t e  p o s i t i o n  
where t h e  Br^Ol i o n  i s  o f  b o r d e r l i n e  s t a b i l i t y .  When PC l^  i s  
r e c r y s t a l l i z e d  f r om  l i q u i d  C I 2 , t h e  o r d i n a r y  m o d i f i c a t i o n  
P C l^ ^P C lg ”  i s  o b t a i n e d  i n d i c a t i n g  th e  ex t rem e  i n s t a b i l i t y  o f  any 
i n t e r m e d i a t e .  I t  s h o u ld  be n o t e d ,  however t h a t  PCl^  was r a t h e r  
i n s o l u b l e  in c h l o r i n e .  I t  wou ld  be i n t e r e s t i n g  f o r  f u t u r e  w o r k e r s  
t o  p e r f o r m  a l o w - t e m p e r a t u r e  s u b l i m a t i o n  e x p e r i m e n t  i n v o l v i n g  
th e  c o - c o n d e n s a t i o n  o f  PCl^ ( g )  and C I 2 ( g ) o n t o  a p l a t e  a t  
15K and t h e  m o n i t o r i n g  o f  i t s  Raman s p e c t r u m .  T h i s  wou ld  
e n a b le  i n t e r a c t i o n  between th e  two compounds to  be o b s e rv e d  and 
f a c i l i t a t e  p o s s i b l e  warm-up e x p e r i m e n t s  t o  f o l l o w  th e  
c o u rs e  o f  any r e a c t i o n s .
M e t a s t a b l e  PCl^  has been p re p a re d  i n  t h i s  s t u d y  by th e  r e -
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c r y s t a l l i z a t i o n  o f  Phase I I  PC l^  f r om  anh y d rou s  HCl.  A p r e v i o u s  
Raman s t u d y  o f  t h i s  sys tem has shown th e  s p e c i e s  p r e s e n t  t o  be 
PCl^  and HCl^ ^^7) ^  A g a in ,  when th e  i n s t a b i l i t y  o f  t h e  a n io n  
i n  a medium o t h e r  t h a n  HCl i s  c o n s i d e r e d ,  a scheme a n a lo g o u s  to  
t h a t  su g g e s te d  f o r  th e  PC l^ /C H 2C l 2/ B r 2 sys te m may be t e n t a t i v e l y  
p ro p o s e d .
3PC1^ + 3HC1--------------^ 3PC1^* + 3HCI2"
P C l /  + 2HC1_ ----------> PClc + 2HC1a z D
HCI2"  > HCl + C l "
P r o d u c t s ;  ( P C l / ) ^ P C l  " C l ~
4 Z D
The e v a p o r a t i o n  o f  th e  HCl on warming t h i s  sys tem t o  am b ie n t  
wou ld  p r o v i d e  a s u i t a b l e  d r i v i n g  f o r c e  f o r  t h i s  r e a c t i o n  scheme.
Thus, u s i n g  th e  a v a i l a b l e  d a t a ,  an a t t e m p t  has been made to  
r a t i o n a l i z e  two sys tems  i n  w h ic h  m e t a s t a b l e  PCl^  i s  f o rm e d .  I t  
wou ld  be u n r e a s o n a b le  t o  e x p e c t  t h e s e  p r o p o s a l s  t o  e x p l a i n  a l l  
methods o f  p r e p a r a t i o n  l i s t e d  i n  Tab le  3 .4  c o n s i d e r i n g  t h e i r  
v a r i e t y  and the  l a c k  o f  a v a i l a b l e  s t r u c t u r a l  d a t a .
3 . 2  The n o v e l  compound ( PCl^'* ' ) 2BCi^  Cl
A compound o f  th e  t i t l e  f o r m u l a t i o n  was p r e p a r e d  i n  th ese  
l a b o r a t o r i e s  by t he  r e a c t i o n  o f  PCl^ and BCl^ i n  a 2 :1  m o la r  
r a t i o  w i t h  C I 2 i n  a r s e n i c  t r i c h l o r i d e .  T h i s  i s  d e t a i l e d  i n  
S e c t i o n  5 . 9 .  The Raman s p ec t r um  o f  t h i s  p r o d u c t  i s  p r e s e n t e d  i n  
F i g .  I I I c  where i t  i s  compared w i t h  t h a t  o f  P C l^ ^B C l^  o b t a i n e d  
i n  t h i s  s t u d y .  A c o m p a r i s on  o f  t h e  Raman wavenumbers o f  th es e
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two compounds i s  p ro duce d  i n  T a b le  3 . 5 .  The a n a lo g y  w i t h  t he  
PCl^  PCl^  and (PC l^  sys tems i s  q u i t e  r e m a r k a b l e .
The s o l i d  s t a t e  Raman sp ec t r um  o f  t h e  new complex  showed a 
marked i n c r e a s e  i n  th e  r e l a t i v e  i n t e n s i t y  i n  some o f  t h e  PC l^ ^  
fu n d a m e n t a l  modes so t h a t  t h e  weak,  b u t  u s u a l l y  o b s e r v a b l e ,  
a n i o n  modes were h a r d l y  v i s i b l e .  T h i s  i n d i c a t e d  t h a t  th e  a n i o n /  
c a t i o n  r a t i o  was no l o n g e r  u n i t y  as i n  PC1^*BC1^ and e l e m e n t a l  
a n a l y s i s  s u gges te d  a s t o i c h i o m e t r y  P ^ B C l^ ^ .  A lso  a l o w - f r e q u e n c y  
s h i f t  was o b s e rv e d  i n  th e  P C l ^ *  s t r e t c h i n g  modes when compared 
w i t h  t h o s e  i n  PCl^ BCl^  , c o n s i s t e n t  w i t h  th e  c o n c e p t  o f  a s i n g l e  
h a l i d e  a n i o n  c l o s e l y  a p p r o a c h i n g  each c h l o r i n e  atom o f  t h e  c a t i o n ,  
r e s u l t i n g  i n  a weaken ing o f  t h e  P -C l  bonds b u t  w i t h  no s i g n i f i c a n t  
d i s t o r t i o n  o f  t e t r a h e d r a l  sy mmetry .
A n o t h e r  s i m i l a r i t y  w i t h  t h e  phosph or us  p e n t a c h l o r i d e  sys tem
+ —
was o b s e r v e d .  The low f r e q u e n c y  Raman sp e c t ru m  o f  PCl^ PCl^
- 1
shows o n l y  v e r y  weak l a t t i c e  f e a t u r e s  a t  70 ,  60 and 40cm t h a t
ca n n o t  be r e s o l v e d .  S i m i l a r  u n r e s o l v e d  f e a t u r e s  o c c u r  a t  35,  70
and 65cm ^ i n  t he  case o f  P C l^ ^B C l^  . However,  th e  Raman s p e c t r a
o f  b o t h  " m e t a s t a b l e "  s p e c i e s  ( P C l^  and (PC l^^ j^ .  B C I ^ C l
possess  a medium i n t e n s i t y ,  w e l l  r e s o l v e d  band a t  58cm"* ,  The
o r i g i n  o f  t h i s  band ca nn o t  be d e f i n e d  w i t h o u t  c r y s t a l l o g r a p h i c
d a t a  to  ena b le  s i t e  ano f a c t o r  g roup  a n a l y s e s  t o  be p e r f o r m e d .
However ,  i t  i s  i n t e r e s t i n g  t o  s p e c u l a t e  w h e t h e r  the  band a r i s e s
f rom  th e  C l ~ / c a t i o n  i n t e r a c t i o n  and i s  a weak C l ^ P ^ C l  Cl
s t r e t c h i n g  mode. T h i s  c o u ld  r e s u l t  f rom th e  c l o s e  app roach  o f
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TABLE 3 . 5
COMPARISON OF RAMAN UAVENUMBERS/cm"^ FOR P C l ^ B C l ^ "
AND ( P C l ^ + j ^ B C l ^ ' C l "
PCl^  BCl^  (PC l^  ) 2BC1^ Cl  Ass ignm en ts
) 190 ( y )  PCI4 *
130 ( y )  ) 2 4
193 ( y )  \ ) 2 ( e )  BC l^ ”  ( i )
250 (m) 247 ( s )  P C l ^ "
27S ( y )  B C l ^ -  ( i )
608 ( y )  V ^ ( a ^ )  BC l^ ”  ( i )
459 ( s )  440 ( s )  P C l ^ *
655 ( y )  536 (m) P C l ^ *
( i )  Compare w i t h  0 .  A. C r e i g h t o n ;  ] .  Chem. S o c . , 1965,  6589
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o f  t h e  c h l o r i d e  i o n s  to  t h e  c a t i o n i c  c h l o r i n e  atoms and th e  
su bse qu en t  weaken ing o f  th e  P -C l  bonds l e a d i n g  t o  low f r e q u e n c y  
v i b r a t i o n a l  s h i f t s ,  p a r t i c u l a r l y  i n  t h e  s y m m e t r i c  s t r e t c h i n g  
mode. Normal  c o - o r d i n a t e  a n a l y s i s  m ig h t  p r o v i d e  some i n s i g h t  i n  
t o  t h i s  p ro b le m .
S i m i l a r l y ,  t he  i n t e n s e  lo w  f r e q u e n c y  band fo un d  a t  25 ,  25 
and 27cm ^ i n  PBr^  Br^  PBr^ Br  and P B r^ ^ C l  ^^^^and a s s ig n e d  
as a P B r^ *  \ i V r A t i o n  i s  n o t  o b s e rv e d  i n  th e  Raman s p e c t r u m  o f  
PBr^  BBr^ , a f a c t  w h ich  s u g g e s t s  t h a t  i t  may a r i s e  f r om  c a t i o n /  
h a l i d e  a n io n  i n t e r a c t i o n .  However,  a more co m p re he ns i ve  s t u d y  
o f  low f r e q u e n c y  v i b r a t i o n s  i n  PBr^  c o n t a i n i n g  s a l t s  wou ld  be 
r e q u i r e d  t o  c o n f i r m  t h i s  as a g e n e r a l i t y .
A t t e m p t s  t o  p r e p a r e  a c r y s t a l  o f  t h i s  compound f o r  X - r a y  
a n a l y s i s  were n o t  s u c c e s s f u l :  s u b l i m a t i o n  o f  t h e  o r i g i n a l  m i c r o -
c r y s t a l l i n e  p r o d u c t  i n  s e a le d  ampoules p ro du c ed  c l e a r  c r y s t a l s  
whose Raman s p e c t r a  were i d e n t i c a l  b u t  h a n d l i n g  p ro b le m s  caused 
by t h e  e x t r e m e l y  h y g r o s c o p i c  n a t u r e  c f  t h i s  s u b s ta n c e  p r e v e n t e d  
s u c c e s s f u l  t r a n s f e r e n c e  to  / . l ^eX^Mann t u b e s .  R e c r y s t a l l i z a t i o n  
o f  t h i s  compound f rom  benzeAe and h a l o g e n a t e d  s o l v e n t s  r e s u l t e d  
i n  a w h i t e  powder  whose Raman s p ec t r um  was c o n s i s t e n t  w i t h  t h a t  
o f  P C l^ ^ B C l^ ”  i n d i c a t i n g  t h a t  d e c o m p o s i t i o n  had o c c u r r e d .
Variable temperature Raman studies were performed on (PCl^ )^  
BC1^~C1~ and some results are presented in Table 3.6. These 
experiments utilized shortened Raman tubes to prevent sublimation 
of volatiles during heating. The results indicate that when the
%sample  was warmed t o  402K t h e  P C l ^ ^  modes and i n  p a r t i c u l a r )
had e x p e r i e n c e d  a h i g h  f r e q u e n c y  s h i f t  f r om  t h e  i n i t i a l  " s i n g l e
h a l i d e "  t o  p o l y a t o m i c  p o s i t i o n s  ( 4 4 0 -------- > 456 and 6 3 5 ------ > 652cm ^ ) .
A l s o  bands appeared  a t  190,  270,  and 408cm ^ a s s i g n a b l e  f rom
e a r l i e r  work  to  BCl^  ( 2 3 ) ^  and a t  280 and 355cm a s s i g n a b l e
to  th e  PCI ”  a n i o n  ( T h e ^  ( t  ) PCI "  band a t  ^ ^ 2 4 0 c m "^D 5 zg  fa
was o b s c u re d  by t h e  r e l a t i v e l y  i n t e n s e t ^ ) P C l ^ *  b a n d ) .  Upon 
c o o l i n g ,  t h e  i n t e n s i t y  o f  bands a s s o c i a t e d  w i t h  th es e  new f e a t u r e s ^  
s l o w l y  dec rea sed  i n  i n t e n s i t y  and a s h i f t  back  t o  th e  " s i n g l e  |
h a l i d e "  p o s i t i o n s  o f  t h e  P C l ^ *  f u n d a m e n t a l s  was o b s e r v e d .  A f t e r  
c o o l i n g  f o r  -v 17 h r s  t h e  s p e c t r u m  had r e v e r t e d  t o  t h e  o r i g i n a l  
f o rm  w i t h  o n l y  r e s i d u a l  t r a c e s  o f  t h e \ J ^ ( a ^ g )  PC1^~ a t  360cm'"^ 
a n d \ J ^ ( a ^ ) P C l ^  ( p o l y a t o m i c )  bands a t  455cm A p o s s i b l e
e q u i l i b r i u m  d e s c r i b i n g  t h i s  b e h a v i o u r  i s
( P C l ^ h ^ 3 a ^ - c r  ^ -  PCl^^BCl^- + Ip c i^ ^ P C lg -
F u r t h e r  Raman s t u d i e s  i n d i c a t e d  t h a t  t h i s  t r a n s i t i o n  
o c c u r r e d  a t  1 2 1 ° C ( - 3 ° ) .  I n i t i a l l y ,  a sample  hea te d  to  ^  160°C 
was t h o u g h t  t o  have i r r e v e r s i b l y  decomposed,  b u t  th e  e x p e r i m e n t  
had been p e r fo r m e d  i n  a f u l l - l e n g t h  Raman tube  and s u b l i m a t i o n  
had o c c u r r e d .  Consequent  r e - e x a m i n a t i o n  o f  t h i s  sample a f t e r  
7 months  showed r e v e r s i o n  to  th e  o r i g i n a l  was w e l l  und e rway .
The r e v e r s i b i l i t y  o f  t h i s  t r a n s i t i o n  r a i s e s  an i n t e r e s t i n g  
p o i n t  o f  n o m e n c l a t u r e .  Phase I I I  p ho s phorus  p e n t a c h l o r i d e  
( F C l ^ ^ ) ^ P C l ^  Cl  was named " m e t a s t a b l e "  because i t  t r a n s f o r m e d
95
cn
-p
c
Q)
E
C
a
•H
cn
cn cn
LÜ cC
DC
ZD
t—
<C
c r
UJ
CL
e ;
LP
t -
cn / —"X
ZD cn
CO p
-C
o r iZ
cC a
> cn
CN TO
h - CU
<x 1—<
TO o
o
1 Ü
r - t
u
<3-
r—i
CJ
CO
CN
+ cn
VO -O' p
•  I—1 JC
to  CJ o CN
CL cn
UJ CN TO
_ l CU
CO 1—1
c t U . Ü o
1— CO o
Ü
LJ
-1
CL
<C
cn
<
c r
a
Ll. c n '
a
I—t <3-
' E
Ü JO
cn
c r
UJ
CD
&_
ZD
Z
UJ
03
<=c
3
Z
cC
s; o
cn,
X CN
ro
x:
u
CO
m
u
CL
CN
o
CN
o
acn
o
CJ>
oi
CN
o
+  I <r
u
CL
CN CN 
-P  -P
NT <3-
O  T >
<3
CN
CÛ
C_3
Q . C_)00
ra
JZ
CJ
CL
ron
u
CL
cn
auon
cn 3
>
> 0> E
'— " ''—
CO LO VO
<3 LO to
<3- VO
CN
VOto
VO
Ua
CN
-p
c >  O '  c >  c >
X —\ /— . cn
E cn cn
3 3 E 3
3 3 D> E E 3
CO CO cn CO
c- 00 <3- VO cn CD LO CO
CN CN CO o <r CO to CO
to NT <3 <3- VO VO
p
JO
j :
cn
3 3 E 3** 3*' E 3 cn 3
"— ' —
to CO r - CO a LO CO VO CN
n - cn LO r - CO LO a LO to
r - CN CN CN to <3 vO
96
i r r e v e r s i b l y  t o  Phase I I  ( P C l ^ ^ P C l g " ) upon h e a t i n g
However ,  t h e  (P C l ^  ) 2BC1^ Cl  t r a n s i t i o n  i s  r e v e r s i b l e  hence
i t  wou ld  be i n c o r r e c t  to  name i t  " m e t a s t a b l e "  t e t r a c h l o r o -
phosphon ium t e t r a c h l o r o b o r a t e  ( P C l ^ ^ B C l ^ ” ) ,
From th e s e  r e s u l t s  i t  app ea re d  t h a t  a p o s s i b l e  method o f
p r e p a r a t i o n  o f  t h i s  compound wou ld  be to  h e a t  a 1 : 0 . 5  m i x t u r e
o f  PCI BCl and PCI ^PC1_ . T h i s  e x p e r i m e n t  was p e r fo r m e d  4 4 4 D
by h e a t i n g  such a m i x t u r e  i n  t h e  v a r i a b l e  t e m p e r a t u r e  Raman
a p p a r a t u s  and p e r i o d i c a l l y  m o n i t o r i n g  t h e  s p e c t r u m .  No
compound f o r m a t i o n  was o b s e rv e d  upon c o o l i n g  such m i x t u r e s  so
th e  e x p e r i m e n t  was u n s u c c e s s f u l .
A l o w - t e m p e r a t u r e  s u b l i m a t i o n  e x p e r i m e n t  was p e r f o r m e d  on
(PCI SCI Cl  s i m i l a r  t o  t h o s e  d e s c r i b e d  f o r  P C l . ^ F C l ^
4  Z a  4  o
+ _ -
and PBr^  Br  i n  C ha p t e r  2 ,  The ave rag e  d e p o s i t i o n  t i m e  was
h ou rs  f r om  50^C. The Raman s p e c t ru m  a t  20K i n d i c a t e d  th e
p re s e n c e  o f  P C l ^ *  ( p o l y a t o m i c ) ,  BCl^  , PCl^  and PCl^  ( c o v a l e n t ) ,
warming t o  a m b ie n t  und e r  a s t a t i c  vacuum o v e r  12 h ou rs  r e s u l t e d  
i n  t h e  l o s s  o f  PCl^  ( c o v a l e n t ) ,  a p ro c e s s  c l e a r l y  v i s i b l e  by th e  
l o s s  o f  t h e  c h a r a c t e r i s t i c  \ ^ ^ ( a ^ )  P - C l ( a x )  a t  430cm~^, l e a v i n g  
a s p e c t r u m  t h a t  was a lm o s t  i d e n t i c a l  t o  t h a t  o b t a i n e d  a t  4C2K i n  
t h e  v a r i a b l e  t e m p e r a t u r e  e x p e r i m e n t  r e p o r t e d  e a r l i e r  ( T a b le  3 . 6 ) .  
F u r t h e r  s t a n d i n g  f o r  6 hou rs  r e s u l t e d  i n  the  appearance c f  a
4band a t  443cm c l e a r l y  a t t r i b u t a b l e  t o  PCI *  ( h a l i d e ) ,  a t  the
expense o f  t h e  band a t  455cm ^ ( P C l ^ ^  p o l y a t o m i c ) .  U n f o r t u n a t e l y  
f u r t h e r  m o n i t o r i n g  was i m p o s s i b l e  as th e  sample  f e l l  o f f  th e  c o l d
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head ,  b u t  t h e  i n d i c a t i o n s  were t h a t  t h e  s p e c t r u m  was c h a n g in g
t o  t h a t  o b t a i n e d  f o r  o r d i n a r y  s o l i d  ( P C l ^ ^ ^ ^ B C l ^ ' C l "
Numerous a t t e m p t s  were  made to  p r e p a r e  a na lo g u e s  o f  t h e
compound ( P C l ^ ”^ ) ^BC l^  C l  and t h e y  a re  l i s t e d  i n  T a b le s
5 , 2  and 5 , 3 ,  They were n o t  s u c c e s s f u l ,  i n d i c a t i n g  a l i m i t e d
s t a b i l i t y  o f  such s y s te m s .  Many o f  t h e  p r e p a r a t i o n s  i n  a r s e n i c
t r i c h l o r i d e  r e s u l t e d  i n  p r o d u c t s  c o n t a i n i n g  a r s e n i c  s p e c i e s ,
( 29 )u n d o u b t e d l y  s i m i l a r  t o  t h o s e  o b t a i n e d  by B e a t t i e  e t  a l  
Those p e r f o r m e d  i n  anh y d rou s  h y d ro g e n  c h l o r i d e  u s u a l l y  y i e l d e d  
s t a n d a r d t e t r a c h l o r o p h o s p h o n i u m  s a l t s  t h ou gh  th e  r e a c t i o n  o f  
2PC1^/BC1^/c1^ r e s u l t e d  i n  t h e  f o r m a t i o n  o f  th e  t i t l e  p r o d u c t .
and m e t a s t a b l e  PCl^  was fo rmed by e i t h e r  PC l^  r e c r y s t a l l i z a t i o n
(33)
o r  PCI2/ C I 2 r e a c t i o n  i n  t he  same s o l v e n t .
I t  i s  i n t e r e s t i n g  t o  n o t e  h e re  t h e  c l a i m  o f  Gutmann who 
d u r i n g  an i n v e s t i g a t i o n  o f  th e  SO2C I 2 s o l v e n t  s y s te m ,  foun d  
e v i d e n c e  f o r  2 ;1  compound f o r m a t i o n  between  PC l^  and S b C l^ .
/ 4". 2 "
T h i s  was f o r m u l a t e d  as (P C l ^  j^^SbCl^ b u t  r e c e i v e d  c r i t i c i s m  
i n  a r e v i e w  by We bs te r  who c o n s i d e r e d  a P C l ^ / S b C l ^ / 5 0 2 C l 2
complex  f o r m a t i o n  to  be more l i k e l y .  As Gutmanns ’ o r i g i n a l  
f o r m u l a t i o n  may be r e w r i t t e n  as ( P C l ^ * ) 25b C l ^  Cl  t h e  p r e p a r a t i o n  
was r e p e a t e d  d u r i n g  t h i s  s t u d y .  A l i g h t  b rown c r y s t a l l i n e  
s u b s ta n c e  was i s o l a t e d  b u t  t h e  Raman s p e c t ru m  was n o t  a s s i g n a b l e  
to  t h i s  f o r m u l a t i o n  w i t h  SbCl^  b e i n g  th e  o n l y  i o n  i m m e d i a t e l y  
a s s i g n a b l e  f rom  bancs a t  336,  297 and 134cm ^ ( 2 9 , 3 4 ) ^  Thus i t  
was a p p a r e n t  t h a t  some s o l v e n t  i n t e r a c t i o n  had o c c u r r e d  thou gh
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a d e t a i l e d  i n v e s t i g a t i o n  o f  t h e  p r o d u c t  was beyond th e  scope o f  
t h i s  w o r k .
3 . 3  I m p l i c a t i o n s  o f  t h e  compound (PC1^'*’ ) 2BC1^~C1~ to  th e  
P C l ^ / B C l ^ / B r ^  sys te m
The P C I ^ / B C I ^ / B t ^  sys tem was e x t e n s i v e l y  i n v e s t i g a t e d  by Ryan 
/1 25 25 3 7 )
e t  a l   ^ and i t  i s  n e c e s s a r y  t o  r e v i e w  h i s  o b s e r v a t i o n s
p r i o r  t o  f u r t h e r  d i s c u s s i o n .  From such r e a c t i o n s  i n  e i t h e r
a nh y d rou s  HCl o r  CH^Cl^ th e  s e r i e s  o f  c a t i o n s  P C l^ B r ^  ( o ^ n < 4 )
were u s u a l l y  o b t a i n e d  i n  m i x t u r e s  and i d e n t i f i e d  by s t a t i c  
31s o l i d - s t a t e  P NMR and Raman s p e c t r o s c o p y .  The p re s e n c e  o f  
two d i f f e r e n t  h a lo g e n  atoms l e a d s  t o  d i f f e r e n t  s y m m e t r i e s  f o r  
t h e  P C l^ B r  , P C l2B r 2^ and PClBr^"*" i o n s  when compared w i t h  th e  
t e t r a h e d r a l  p a r e n t  PX^*  s p e c i e s .  P C l ^ B r *  and P C lB r ^ ^  e x h i b i t  
C ^y /s y m m e tr y  w i t h  t h e  f o l l o w i n g  v i b r a t i o n a l  r e p r e s e n t a t i o n :  
v i b  = 3a^ (R,  IR )  + 3e (R ,  IR )  
whereas P C l23r 2 i s  o f  C ^ y  symmetry  and c o n s e q u e n t l y  d i f f e r e n t  
v i b r a t i o n a l  r e p r e s e n t a t i o n .
T v ib  = 4a^ (R,  IR )  + 02 (R)  + 2b^ (R,  IR )  + 2b 2 (R,  IR)
(R and IR i n d i c a t e  Raman and i n f r a - r e d  a c t i v i t y ) .
T h i s  i n f o r m a t i o n  i s  more c o n v e n i e n t l y  r e p r e s e n t e d  as a 
c o r r e l a t i o n  t a b l e  and i s  p r e s e n t e d  as such i n  Tab le  3 ,7  where  
th e  s p l i t t i n g  o f  d e g e n e r a t e  v i b r a t i o n s  and a c t i v a t i o n  o f  i n f r a ­
red  i n a c t i v e  v i b r a t i o n s  by th e  l o w e r i n g  o f  symmetry  i s  c l e a r l y  
seen .
99
X I
cn
LÜ
X
t—
LÜ
> -
en
CN
U
Q
>
enu
X
a
CNU
X
ro
> 1en
C-J
/X
0
/T\
m
/K
X
X
t—1
n
X
CN
LÜez
X
ou
Q
D
CW
X
Jj
c
•HOX
100
Ryan a l s o  p re p a r e d  t h e  pur e  compounds P C l^ B r  BCl^ and 
PCl^Br^PFg ( 1 , 3 5 , 3 6 )  ^ r e c o r d e d  t h e i r  Raman s p e c t r a .  These
d a t a ,  t o g e t h e r  w i t h  a know ledge  o f  t he  Raman s p e c t r a  o f  t he  
i s o e l e c t r o n i c  s i l i c o n  c h l o r o b r o m i d e s ,  l e d  t o  a c o m p le te  Raman 
a s s ig n m e n t  o f  t h e  c h lo ro b ro m o p h o s p h o n iu m  c a t i o n s .
I n  some m i x t u r e s ,  low  f r e q u e n c y  s h i f t s  were obs e rv e d  i n  
some o f  t h e  c a t i o n i c  bands and were p a r t i c u l a r l y  p rono un ced  i n  
t h e  \ J ^ ( P - B r )  s y m m e t r i c  s t r e t c h  where  t h e y  were i n  th e  range 
14-25cm” ^ ,  T h i s  b e h a v i o u r  i s  a k i n  t o  t h a t  d i s c u s s e d  e a r l i e r  
and i s  i n d i c a t i v e  o f  a s i n g l e  h a l i d e / p o l y a t o m i c  a n io n  sub­
s t i t u t i o n . ' - ,  R y an 's  a s s ig n m e n t s  f o r  t h e  ch lo ro b ro m o p h o s p h o n iu m  
c a t i o n s  i n  b o t h  th e  p re s en c e  o f  s i n g l e  h a l i d e  and p o l y a t o m i c  
a n io n s  a re  p r e s e n t e d  i n  T ab le  3 . 8 .  ( i n  a l l  cases  th e  p o l y a t o m i c  
a n io n  was B C l ^ "  e x c e p t  ) PClBr^"*" where  i t  was B8 r ^  )
The Raman s p e c t r a  o f  t h r e e  p r e p a r a t i o n s  made i n  t h i s  s t u d y  
are  i l l u s t r a t e d  i n  F i g s .  I l l d ,  I l l e  a.nd I l l f .
F i g u r e  I l l d  r e f e r s  t o  R e a c t i o n  1 between  BCl^ ( 3 , 0 0 g ) ,
PClg ( 3 . 2 0 g )  and B r^  ( 2 , 3 4 g )  i n  CH^Cl^ .  The s t r o n g  bands a t
376 ,  326 and 281cm~^ r e s u l t  f r om  t h e V ( s y m )  P -B r  o f  PC l^B r  ,
+ + '
P C l29f 2 PC lB r^  i n  s i n g l e  h a l i d e  p o s i t i o n s .  There  i s
no more t h a n  r e s i d u a l  e v i d e n c e  f o r  t h e s e  c a t i o n s  i n  th e  p re sence
- 1
o f  a p o l y a t o m i c  a n i o n ,  and a t  409cm t h e r e  i s  a weak f e a t u r e  
a s s o c i a t e d  w i t h  BCl^  .
F i g u r e  I l l e  shows th e  Raman s p e c t r u m  o f  R e a c t i o n  2 i n
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( 3 , 2 0 g  P C lg ,  3 .4 0g  801^ and 3 ,9 0 g  B r ^ ) .  T h i s  i s  v e r y  s i m i l a r  
t o  t h a t  o b t a i n e d  f o r  t he  p r o d u c t  o f  R e a c t i o n  1 , a g a in  showing 
bands a t  375,  327 and 281cm ^ r e s u l t i n g  f r om  t h e  P C l ^ B r ^ ,
P C l ^ B r ^  and PC lB r^  i o n s  a s s o c i a t e d  w i t h  a s i n g l e  h a l i d e  
a n i o n .  The o n l y  d i f f e r e n c e  i n  th e  s p e c t r a  i s  th e  r e l a t i v e  
i n t e n s i t i e s  o f  th es e  ban ds ;  i n  R e a c t i o n  2 t h e y  a re  more 
i n t e n s e  f o r  th e  h e a v i l y  b ro m i n a t e d  s p e c i e s  when compared w i t h  
t h o s e  f r om  R e a c t i o n  1, wh ich  i s  n o t  u n e x pe c te d  i n  v ie w  o f  t h e  
r e a c t a n t  r a t i o s .  A g a in ,  o n l y  r e s i d u a l  bands c o r r e s p o n d i n g  to  
c a t i o n s  i n  t h e  p o l y a t o m i c  p o s i t i o n  a re  o b s e rv e d  and t h e \ ^ ^ ( a ^ )
_ _ i
BCl^  mode a t  408cm i s  v e r y  weak.
F i g u r e  I l l f  shows th e  Raman s p ec t r um  o f  P r e p a r a t i o n  4 i n  
anh y d rou s  HCl ( 6 , 9 5 g  P C l^ ,  8 . 2 1 g  B r^  and 4 .8 5 g  B C l ^ ) .  Each o f  
t h e  ch lo ro b ro m o p h o s p h o n iu m  c a t i o n s  has two a s s o c i a t e d  bands 
a r i s i n g  f r om  ( P - B r ) :  a t  392 and 374cm ^ f o r  P C l ^ B r * ,  a t
345 and 327cm f o r  PCl^Br^"^ and a t  301 and 280cm ^ f o r  PC lB r^  . 
I n  t h i s  sp e c t ru m  t h e \ J ^ ( a ^ )  BCl^  mode a t  408cm ^ i s  r e l a t i v e l y  
more i n t e n s e  t h a n  t h e  e q u i v a l e n t  band i n  F i g s  I l l d  and e .  T h i s  
s u g g e s t s  t h a t  t h i s  p r e p a r a t i o n  c o n t a i n s  a m i x t u r e  o f  c a t i o n s  
a s s o c i a t e d  w i t h  b o t h  s i n g l e  h a l i d e  and p o l y a t o m i c  a n i o n s .  The 
\J^ s t r e t c h i n g  modes o f  th ese  t h r e e  m i x t u r e s  a re  compared i n  
T a b le  3 . 9 .
Thus i t  i s  a p p a r e n t  t h a t  t he  P C l ^ / B C l ^ / B r ^  r e a c t i o n s  may 
fo rm  c a t i o n s  whose Raman s p e c t r a  i n d i c a t e  e i t h e r  s i n g l e  h a l i d e  
o r  p o l y a t o m i c  a n io n s  ^  o r  even a m i x t u r e  o f  t h e s e .  ( ^  
R e a c t i o n s  where s o l e l y  p o l y a t o m i c  p r o d u c t s  were fo rmed a re  re
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TABLE 3 . 9
A COMPARISON OF THE RAMAN WAVENUMBERS/cm ^ OF THE 
Vn  STRETCHING VIBRATIONS OF REACTION 1,  REACTION 2 AND
PREPARATION 4
R e a c t i o n  1 R e a c t i o n  2 P r e p a r a t i o n  4
281 (w) 281 (m) 280 ( s )
! 302 ( u )
326 (m) 327 ( s ) 327 ( s )
345 (m)
376 ( s ) 376 ( s ) 374 ( s )
391 ( s )
440 ( v u ) 441 ( v u ) 438 (u )
455 ( u )
Ass ig nm en t  
0 2 ( 3 -,) P C l B r ^ *  ( h a l )  
^ 2 ( ^ 1 ) ( p o l y )
( h a l )
^ 2(^1 ) ( p o l y )
P C l j B r *  ( h a l )
^ 2 ( ^ 1  ) PCl^Br* (poly) 
\ ^ ^ ( 3 l )  PCI4 *  ( h a l )  
^ 2 ( 0 ^  ) PCI4* (poly)
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(  '] )
p o r t e d  i n  Ryan ’ s t h e s i s )  '  \
I n  v iew  o f  th e  i s o l a t i o n  o f  th e  pure  compound ( P C l ^ ' ^ ) ^
BCl^  C l  (see  C ha p te r  3 , 2 )  i t  i s  p o s s i b l e  to  make s e v e r a l  
i n f e r e n c e s  c o n c e r n i n g  th e  n a t u r e  o f  t h e  s i n g l e  h a l i d e  p r o d u c t s  
f r om  t h e  PC l2/ B C l 2/ B r 2 s ys te m .  I t  i s  l i k e l y  t h a t  such p r o d u c t s  
a re  m i x t u r e s  o f  compounds w i t h  t h e  g e n e r a l  f o r m u la  o r
more e x p l i c i t l y  ( P X ^ ^ ) 2SX^ X where  X i s  C l  o r  B r ,  The 
Raman s p e c t r a  o f  s i n g l e  h a l i d e  p r o d u c t s  i n d i c a t e  the  p re sence  
o f  mixed h a l i d e  t e t r a h a l o p h o s p h o n i u m  c a t i o n s .  The n a t u r e  o f  
X i s  n o t  as o b v i o u s  b u t  i t  seems r e a s o n a b l e  t o  assume t h a t  i t  
c o u l d  be e i t h e r  Cl  o r  Br  . ( c f  ( P C l ^ * ) 2B C l ^ " C l "  and P B r ^ ^ B r " ) ,  
Raman s p e c t r o s c o p y  i s  n o t  a s a t i s f a c t o r y  t e c h n i q u e  to  
examine t h e  p o s s i b i l i t i e s  o f  h a l i d e  s c r a m b l i n g  i n  th e  t e t r a h a l o -  
b o r a t e  a n i o n s .  T h i s  r e s u l t s  f r om  ( a )  th e  i n h e r e n t  weakness o f  
8-X  Raman modes i n  c o m p a r i s on  w i t h  th o s e  o f  P-X and ( b )  the  
pro posed  f o r m u l a t i o n  (PX^ ^ has a 2:1 r a t i o  o f
phospho rus  t c  b o ron  s p e c i e s  as i n  the  case o f  ( P C l ^ ^ ) ^ B C l ^  Cl~ 
t hus  f u r t h e r  d i m i n i s h i n g  t h e  r e l a t i v e  i n t e n s i t y  o f  any a n io n  
modes. *‘B M.A.R.  NMR was used to  i n v e s t i g a t e  such sys tems and 
i s  d i s c u s s e d  i n  S e c t i o n  3 , 5 , c ,  T h i s  t e c h n i q u e  r e v e a l e d  t h a t  
i n  t h e  case o f  P r e p a r a t i o n  4 BCl^  was th e  o n l y  s p e c i e s  p r e s e n t
and t h a t  R e a c t i o n  1 c o n t a i n e d  p r e d o m i n a n t l y  BCl^ w i t h  some
t r a c e s  o f  EC l^Br  and GCl29r 2 . R e a c t i o n  2 was shown to  c o n t a i n
a lm o s t  e x c l u s i v e l y  BCl^  w i t h  o n l y  r e s i d u a l  BC l^B r  .
Thus h a l i d e  s c r a m b l i n g  o c c u r s  p r e d o m i n a n t l y  a t  the  pho sphorus
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s i t e  so th e  p ro po sed  f o r m u l a t i o n  f o r  th e s e  s i n g l e  h a l i d e  
m i x t u r e s  may be m o d i f i e d  t o  ( PC l^ Br^ ' * ' ^ ) ^ B C l ^ ' x "  ( o ^ n ^ 4 ) 
where X = Cl  o r  B r " .
I n  th e  c u r r e n t  s t u d y  no r e l a t i v e l y  p u re  compound 
c o n t a i n i n g  a c h lo ro b ro m o ph o s ph on iu m  c a t i o n  was o b t a i n e d  to  
t e s t  th e  above h y p o t h e s i s .  However ,  one such compound was
( 35 )r e p o r t e d  i n  th e  l i t e r a t u r e :  F i n c h ,  G a te s ,  Ryan and B e n t l e y
n o te d  the  p r e p a r a t i o n  o f  a s o - c a l l e d  Compound A p ro duced  by a 
P C l ^ / S C l ^ / B r ^  r e a c t i o n  i n  CH^Cl^ a t  - 5 0 ° C ,  The Raman Funda­
m e n t a l s  o f  t h i s  compound showed i t  t o  c o n t a i n  t h e  P C l ^ B r *  c a t i o n  
i n  a s i n g l e  h a l i d e  p o s i t i o n  = 376cm ^ ) w i t h  o n l y  s l i g h t  /
t r a c e s  o f  t he  PCl^Br^"^ and P C lB r ^ ^  i o n s .  T h i s  was c o n f i r m e d  by 
s t a t i c  s o l i d - s t a t e  ^^P NMR and s i m i l a r  *^3 measurements showed 
3C1^~ t o  be p r e s e n t .  A n a l y s i s  y i e l d e d  th e  f o l l o w i n g  r e s u l t s :
C l ,  46,g;0;  B r ,  41.5/o;  P, 8,7% and B, 1.7% and th e s e  combined w i t h  
t h e  e m p i r i c a l  f o r m u l a t i o n  F^BX^^ I s a d  to  t h e  g e n e r a l  f o r m u l a  
P^B C lgB r^ ,  I f  t h i s  i s  t h en  m o d i f i e d  to  a l l o w  f o r  an a r t i f i c i a l l y  
h i g h  b romid e  a n a l y s i s  r e s u l t i n g  f rom  t h e  h e a v i l y  b r o m i n a t e d  
i m p u r i t i e s ,  t h e  f o r m u l a t i o n  P ^ B C l ^ ^ B r ^  may be p ro posed  f o r  t h i s  
compound and t h i s  may be e x p l i c i t l y  e x p re s s e d  as ( P C l ^ B r ) ^BCl^  
B r "  .
T h i s  i s  e n t i r e l y  c o n s i s t e n t  w i t h  the  r e p o r t e d  Raman sp ec t r um  
o f  Compound A when the  s l i g h t  i m p u r i t i e s  a re  d i s c o u n t e d  and i s  i n  
agreement  w i t h  the  g e n e r a l  h y p o t h e s i s  t h a t  s i n g l e  h a l i d e  p r o d u c t s  
as o b t a i n e d  i n  R e a c t i o n s  1 and 2 a re  m i x t u r e s  o f  compounds
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f o r m u l a t e d  as ( P C l ^ B r ^ 2 n )2 8^1^  X ( o ^ n ^ )  where  X = Cl  
o r  Br  .
I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t ^ P C l 2/ B r 2/ B F 2 sys tem was
( 25 )p r e v i o u s l y  i n v e s t i g a t e d  by Gates e t  a l  and Raman s p e c t r a
o f  th e  mixed c h lo ro b ro m o ph o s ph on iu m  c a t i o n s  o b t a i n e d  i n d i c a t e d  
s i n g l e  h a l i d e  s p e c i e s  were p r e d o m i n a n t l y  fo rmed  a l t h o u g h  th e  
BF^ a n io n  was a l s o  i n  e v i d e n c e .  Thus i t  i s  n o t  u n r e a s o n a b le  
t o  assume t h a t  th e  m i x t u r e s  o b t a i n e d  i n  t h i s  sys te m p r o v i d e  
o t h e r  examples  o f  t he  ( P C l^B r^ _ ^ ' ^ )  ^ B F ^ ' x "  ( o < n ^ 4 )  f o r m u l a t i o n  
p ro posed  e a r l i e r  f o r  some P C l2/ B C l 2/ B r 2 r e a c t i o n  p r o d u c t s .
I t  i s  a l s o  i n t e r e s t i n g  t o  n o t e  some r e s u l t s  r e p o r t e d  by 
D h a m e l i n c o u r t  and c o - w o r k e r s  on t h e  Raman s p e c t r a  o f  v a r i o u s  
P B r^ /S B r^  and P B r^ /T a B r ^  f u s i o n  m i x t u r e s  Here ,
where an excess  o f  t h e  p hospho rus  p e n t a b r o m id e  was used ,  low
f r e q u e n c y  s h i f t s  were obs e rv e d  i n  t h eV /^ ^ (a ^ )  mode o f  PBr^^
+ —
when compared w i t h  t h a t  obs e rv e d  i n  the  s a l t s  P8 r ^  BBr^ anc 
P B r^ ^ T a B rg " .  The f o r m a t i o n  o f  i n d e t e r m i n a t e  s p e c i e s  g e n e r a l l y  
f o r m u l a t e d  as ( P B r ^ ' ^ ) ^ ( B r “ ) ^ _ ^ ( B B r ^ “  )2 and ( P B r ^ ' ^ ) ^ ( B r  
T a B r ^ " ) ^  was pro po sed  to  a c c o u n t  f o r  t h e s e  o b s e rv e d  s h i f t s  and,  
l i k e  th e  sys tems u nder  D i s c u s s i o n  i n  the  c u r r e n t  s t u d y ,  s i n g l e  
h a l i d e  i o n s  a re  p r e s e n t .  U n f o r t u n a t e l y  i t  a ppea rs  t h a t  no 
s i n g l e  compound was i s o l a t e d  f rom t h e s e  m i x t u r e s ,  hence the  
absence o f  a n a l y t i c a l  and c r y s t a l l o g r a p h i c  d a t a .
V a r i a b l e  t e m p e r a t u r e  Raman s t u d i e s  were p e r f o r m e d  on 
R e a c t i o n s  1 and 2 ( P C l ^ / S C l ^ / B r ^  i n  CH2C I 2 ) and P r e p a r a t i o n  4
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( P C I ^ / B C I ^ / B t ^ i n  HCl)  to  i n v e s t i g a t e  th e  r e l a t i v e  s t a b i l i t i e s  
o f  th e  c h lo ro b ro m o ph o s ph on iu m  c a t i o n s  i n  t he  p re s en c e  o f  
s i n g l e  h a l i d e  and p o l y a t o m i c  a n i o n s .  Some o f  th ese  e x p e r i m e n t s  
were p e r f o r m e d  i n  Raman tu b e s  l o n g  enough to  a l l o w  some sub­
l i m a t i o n  t o  o c c u r  so b o t h  r e s i d u e  and s u b l i m a t e  c o u l d  be 
o b s e r v e d .  The t r e n d s  obs e rv e d  were c o n s i s t e n t  w i t h  a l l  samples  
used and a re  d e t a i l e d  b e lo w .
On warming to  a p p r o x i m a t e l y  6G°C R e a c t i o n s  1 and 2 showed 
s i m i l a r  changes w i t h  bands a t  345,  391 and 456cm ^ a p p e a r i n g .  
These a re  a s s o c i a t e d  w i t h  t h e  P C l2B r 2^ ,  PCl^Br"*" and P C l ^ *  i o n s  
i n  t h e  p re s e n c e  o f  a p o l y a t o m i c  a n i o n .  I n c r e a s i n g  the  t em pera ­
t u r e  r e s u l t e d  i n  th e s e  bands i n c r e a s i n g  i n  r e l a t i v e  i n t e n s i t y  
when compared to  t h e i r  s i n g l e  h a l i d e  c o u n t e r p a r t s ,  o r i g i n a l l y  
e x c l u s i v e l y  p r e s e n t .  A t  abo u t  9G°C th e  s p e c t r a w e r e  dom in a te d  
by bands a t  456 ,  391 and 352cm ^ w i t h  bands due to  t he  l e a s t  
b ro m i n a t e d  fo rm s b e in g  most  i n t e n s e .  H a r d l y  any t r a c e  o f  t he  
o r i g i n a l  s i n g l e  h a l i d e  bands a t  375 ,  327 and 281cm ^ rem ained
a l t h o u g h  th e  s p e c t r a  were becoming i n c r e a s i n g l y  f e e b l e .  A l so
-  -1t h e  BCl^  f u n d a m e n t a l  a t  4G9cm became more i n t e n s e  w i t h  h e a t ­
i n g ,  Thus two main p ro c e s s e s  o c c u r r e d  on w a rm in g :  i )  th e
c o n v e r s i o n  o f  s i n g l e  h a l i d e  t o  p o l y a t o m i c  s p e c i e s  and i i )  th e  
i n c r e a s e  i n  p r o p o r t i o n s  o f  the  l e a s t  b r o m in a t e d  s p e c i e s  ( P G i ^ * ,  
P C l g B r * ) ,
On c o o l i n g  to  amb ie n t  f o r  a b o u t  1G days t h e s e ' r e s i d u e s  
c o m p l e t e l y  r e v e r t e d  t o  t h e i r  o r i g i n a l  f o rm s ,  t h a t  i s  w i t h  c a t i o n
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bands i n  t h e  s i n g l e  h a l i d e  p o s i t i o n s  though  n o t  i n  t h e i r  
i n i t i a l  i n t e n s i t i e s .  The i n t e n s i t i e s  o f  t h e s e  bands o b t a i n e d  
on c o o l i n g  were a lways  i n  th e  o r d e r  P C l ^ B r *  ( 376cm "^ )  >
P C lg B rg *  ( 3 2 7 c m " l )  >  P C l B r ^ *  ( 2 B 1 c m " ^ ) .
S u b l i m a t e s  o c c u r r i n g  up t h e  h ea te d  t u b e  e x h i b i t e d  c o n s t a n t  
s p e c t r a  on s t a n d i n g .  They were a lw ays  p u re  s i n g l e  h a l i d e  fo rm s 
w i t h  P C l ^ B r *  (376cm ^ ) b e in g  th e  most  i n t e n s e  band i n  th e
s p e c t ru m  w i t h  l e s s e r  amounts o f  PCl^Br^' * '  ( 32 7c m "^ )  and P C lB r ^ ^  
( 2 B 1 c m "^ ) .
I t  i s  q u i t e  i n t e r e s t i n g  t h a t  i n  t h e  cases  o f  b o th  R e a c t i o n s  
1 and 2 , no e v id e n c e  was fo un d  f o r  a n y t h i n g  o t h e r  t han  r e s i d u a l  
P C l^ ^  s p e c i e s  i n  t h e  s u b l i m a t e  and th e  c o o l e d  r e s i d u e .
The b e h a v i o u r  o f  P r e p a r a t i o n  4 und e r  t h e  same c o n d i t i o n s  
was s i m i l a r  t o  t h a t  r e c o rd e d  f o r  R e a c t i o n s  1 and 2,  T h i s  
sample  c o n t a i n e d  Raman bands o f  t h e  c h lo ro b ro m o ph o s ph on iu m  
c a t i o n s  r e l a t i n g  t o  b o t h  s i n g l e  h a l i d e  and p o l y a t o m i c  a n io n s  
and th e  h e a t i n g  p r o c e s s  r e s u l t e d  i n  an i n c r e a s e  i n  th e  i n t e n s i t y  
o f  t h e  bands a t  458 ,  392,  345 and 301cm ^ a t  t h e  expense o f  
th os e  a t  441 ,  374 ,  327 and 280cm T h i s  can a g a in  be e x p l a i n e d
as a c o n v e r s i o n  o f  s i n g l e  h a l i d e  t o  p o l y a t o m i c  a n io n s  i n  th e  
l a t t i c e .  A lso  t h e  more h e a v i l y  c h l o r i n a t e d  s p e c i e s  dom in a te d  
th e  s p e c t r u m  on warming t o  95°C and t h e  band a t  409cm"^ assoc ­
i a t e d  w i t h  BCl^  was r e l a t i v e l y  more i n t e n s e .  On c o o l i n g  f o r  
5 days th e  sp e c t ru m  had r e t u r n e d  to  i t ' s  o r i g i n a l  fo rm  i n d i c a t i n g  
a m i x t u r e  o f  c a t i o n s  a s s o c i a t e d  w i t h  s i n g l e  h a l i d e  and p o l y a t o m i c
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a n i o n s ,  and w i t h  much l e s s  i n t e n s e  P C l ^ *  and P C l ^ B r *  bands 
th a n  i n  th e  hea te d  sa mp le .  A s u b l i m a t e  f r om  t h i s  sample  was
t h e  same as t h o s e  o b t a i n e d  i n  R e a c t i o n s  1 and 2;  a pur e
s i n g l e  h a l i d e  fo rm  w i t h  PCl^Br"*", PCl^Br"*" and PClBr^"*" c a t i o n s .
Thus t h i s  b e h a v i o u r  i s  c o n s i s t e n t  w i t h  t h a t  o f  ( P C l ^ * ) ^  
8 C l ^ " C l "  u nd e r  v a r i a b l e  t e m p e r a t u r e  c o n d i t i o n s  w i t h  th e  r e ­
v e r s i b l e  t r a n s i t i o n  o f  t he  s i n g l e  h a l i d e  complex  i n t o  p o l y a t o m i c  
s p e c i e s .  I n  t h e  m ixed h a l i d e  sys tems  t h e r e  i s  howeve r ,  no
e v id e n c e  f o r  th e  f o r m a t i o n  o f  h e x a h a lo p h o s p h a t e  a n i o n s ,  o n l y
BCl^"” b e i n g  o b s e r v e d .  T h i s  i s  n o t  e n t i r e l y  u ne x pe c te d  as mixed 
c h lo ro b ro m o h e x a h a lo p h o s p h a t e s  a re  n o t  known.
P r e p a r a t i v e  s u b l i m a t i o n s  were p e r f o r m e d  on samples  c o n t a i n i n g  
a m i x t u r e  o f  s i n g l e  h a l i d e  and p o l y a t o m i c  a n i o n s  (eg P r e p a r a t i o n  
4) u s i n g  t h e  a p p a r a t u s  r e p r e s e n t e d  i n  F i g ,  V8 , S u b l i m a t e s  
c o l l e c t e d  were g e n e r a l l y  q u i t e  p u re  s i n g l e  h a l i d e  m i x t u r e s  
whereas t h e  r e s i d u e s  were o f t e n  m i x t u r e s  w e i g h t e d  to w a r d s  th e  
dominance o f  p o l y a t o m i c  s p e c i e s .  T h i s  i s  a g a in  c o n s i s t e n t  w i t h  
t h e  v a r i a b l e  t e m p e r a t u r e  Raman s t u d i e s  d i s c u s s e d  e a r l i e r .
3 , 4  The compound P ^ C l ^ B r  and r e l a t e d  sys tems
The t i t l e  compound,  a y e l l o w  c r y s t a l l i n e  s u b s t a n c e ,  was 
f i r s t  p re p a r e d  i n  1957 by K o l d i t z  and F e l t z  f rom th e
r e a c t i o n  o f  p ho s pho rus  t r i c h l o r i d e  and b ro m in e  i n  a r s e n i c
t r i c h l o r i d e .  O r i g i n a l l y  f o r m u l a t e d  as PCl^  PC l^B r  , t h i s  was
31 (39 )d i s p r o v e d  by v i b r a t i o n a l  and P NMR s p e c t r o s c o p y  u s in g
th e  know ledge  g a in e d  by e x a m i n a t i o n  o f  t h e  P C l2/ S r 2/ B C l ^
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sys te m ( l ; 3 5 , 3 6 , 3 7 ) ^  The Raman sp e c t ru m  ( F i g .  I l l g )  o f  t h i s
compound showed th e  p re s e n c e  o f  t h e  P C l ^ *  and PCl^Br"^ c a t i o n s
w i t h  f r e q u e n c i e s  i n  p o s i t i o n s  i n d i c a t i v e  o f  s i n g l e  h a l i d e  i o n s
i n  t h e  l a t t i c e .  The PC1^~ a n i o n  was shown t o  be p r e s e n t  byb
bands a t  358 and 274cm” ^ and t h r e e  p ho s pho rus  c o n t a i n i n g
31
s p e c i e s  were c o n f i r m e d  by s t a t i c  s o l i d - s t a t e  P NMR w i t h  
res o na nc e s  a t  -295ppm (P C l^  80ppm ( P C l ^ ^ )  and + 50ppm
( P C l ^ B r * )  ( a l l  r e l a t i v e  t o  85% H^PO^).  T h i s  NMR s t u d y  a l s o
s u g g e s te d  a 3 :1  r a t i o  o f  PCI *  t o  P C l_ B r *  and a n e t t  f o r m u l a t i o n
I ^ J
(PCl^'* ’ ) g ( P C l ^ B r ' ' ' ) 2 (PC lg  ) ^ ^ r ^  was p ro po sed  f o r  t h i s  compound.
One r e a s on  f o r  a r r i v i n g  a t  t h i s  f o r m u l a t i o n  was based on a
powder X - r a y  d i f f r a c t i o n  p h o t o g r a p h  w h ic h  i n d i c a t e d  v e r y  s i m i l a r
( 22 )d im e n s i o n s  t o  one r e p o r t e d  f o r  a compound PCI 8r_  .4 # u Q U # D u
Data  f o r  t h i s  l a t t e r  compound l e d  t o  a p r o p o s a l  t h a t  th e  u n i t
c e l l  c o n s i s t e d  o f  8PC1^* i o n s ,  4PC1^ i o n s  and 4Br i o n s .  T h i s
compound i s  i n t e r e s t i n g  because t h i s  f o r m u l a t i o n  can be reduced
t o  ( P C l ^ ^ ) 2PClg Br , i e  a n a lo g o u s  t o  m e t a s t a b l e  pho sphorus
p e n t a c h l o r i d e  ( P C l ^ ^ ) 2p C l^  C l "  , d i f f e r i n g  o n l y  i n  th e  n a t u r e
o f  t h e  s i n g l e  h a l i d e  i o n .  U n f o r t u n a t e l y  no Raman d a ta  are
a v a i l a b l e  f o r  PCI ,  . ^ B r ^  w h i c h  wou ld  e n a b le  a b e t t e r  com- 
4  # o  o  U»vJvj
p a r i s o n  to  be made.
The f o r m u l a t i o n  f o r  P ^ C l ^ S r  g i v e n  e a r l i e r  reduces  to
( P C l ^ ^ ) 2PC l2B r * ( P C l ^  ) 2 ( B r  ) ^ w h i c h ,  i n  agreement  w i t h  me ta -
s t a b l e  P C l r ,  PBC1._ and PCI ,  ,-c3rp, has a 2 : 1 : 1  r a t i o  o f  5 '  13 4 , 0 6  0 ,3 3
lu
g
a
L A
g
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c a t i o n  t o  p o l y a t o m i c  a n i o n  t o  s i n g l e  h a l i d e  a n i o n .  T h i s  2 : 1 : 1  
r a t i o  i s  a l s o  a p p a r e n t  i n  t h e  e a r l i e r  s u g g e s t i o n  t h a t  th e  
s i n g l e  h a l i d e  p r o d u c t s  o f  th e  P C l ^ / B C l 2/ B r 2 r e a c t i o n  may be 
f o r m u l a t e d  as ( P C 1 ^ 8 r ^ ^ ^ ) 2 B C l ^  X ( o ^ n ^ 4 )  where  X = Br  o r  
C l ” , The o n l y  n o v e l  f e a t u r e  o f  t h e  s t r u c t u r e  o f  P2C lg B r  i s  
t h e  o c c u r e n c e  o f  two d i f f e r e n t  pho s ph o rus  c o n t a i n i n g  c a t i o n s  
i n  t h e  compound. However t h e  absence o f  any s p e c t r o s c o p i c  o r  
c r y s t a l l o g r a p h i c  d a t a  f r om  such a p u re  compound p r e c l u d e s  
e x p e r i m e n t a l  v e r i f i c a t i o n  o f  t h i s  p r o p o s a l  r e g a r d i n g  t h e  P C l ^ /  
B C l ^ / B r 2 r e a c t i o n  p r o d u c t s .
D u r i n g  t h i s  s t u d y  a t t e m p t s  were made t o  p r e p a r e  compounds 
a na lo go u s  t o  F ^ C lg B r  and t h o s e  s u c c e s s f u l  a re  d e t a i l e d  i n  
C ha p te r  5 , 9 ,  P r e p a r a t i o n  A was t h e  second p r o d u c t  o f  t he  
r e a c t i o n  between P C l 2 ( 2 2 , 0 0 g ) ,  BCl^  ( 9 , 3 5 g )  and B r 2 ( l 2 , 8 1 g )  
i n  AsCl^  and P r e p a r a t i o n  B was t h e  p r o d u c t  o f  PCl^  ( 2 2 , 0 0 g ) ,  
BBr^ ( 2 0 , 0 8 g )  and B r 2 ( I 2 . 8 1 g )  i n  A s C l ^ .  The Raman s p e c t r a  
o f  t h e s e  two p r e p a r a t i o n s  a re  p r e s e n t e d  i n  F i g ,  I l l h  and t h e i r  
wavenumbers a re  c o n t r a s t e d  w i t h  t h o s e  o b t a i n e d  f o r  P^C lgB r  i n  
T ab le  3 , 1 0 ,  Bo th  p r e p a r a t i o n s  show bands a t  437cm and 
366cm~^,  c l e a r l y  a r i s i n g  f r om  t h e  PC l^^  and PCl^Br"*” c a t i o n s  i n  
t h e  p re s e n c e  o f  a s i n g l e  h a l i d e  a n i o n .  P r e p a r a t i o n  A i s
o b v i o u s l y  r a t h e r  i m p u r e ,  a f a c t  i n d i c a t e d  by  r e l a t i v e l y  weak
-1 +  -1 .f e a t u r e s  a t  220cm due to  P C l2B r 2 and a t  456cm " r e s u l t i n g
f rom P C l ^ *  a s s o c i a t e d  w i t h  a p o l y a t o m i c  s p e c i e s .  A lso  bands
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Fig IE h Ramon spectra of
i) Prep A (2PCF-BCF,-Br  ^ in AsClJ
ii) Prep B [PPCp-SBr^-Br-i m AsCR 1
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a t  190 and 408cm ^ i n d i c a t e  t h e  p re s en c e  o f  t h e  BCl^  a n i o n  
( 28 ) . The Raman s p e c t r u m  o f  P r e p a r a t i o n  B i s  much c l e a n e r ,  
t h e  band due to  i n  a s s o c i a t i o n  w i t h  a p o l y a t o m i c  a n io n
i s  v e r y  weak and bands due t o  BC l^ ”  a re  a l s o  weak.  The 
i n t e n s i t i e s  o f  th e  PC l^ ^  and PCl^Br"*" f u n d a m e n t a l s  a t  355 and 
438cm ^ i n  th e s e  two p r e p a r a t i o n s  a re  s i m i l a r  i n  r a t i o  to  
t h o s e  seen i n  t he  Raman sp e c t ru m  o f  F ^ C l g B r .  A n a l y t i c a l  d a ta  
q u e s t i o n s  t h e  p u r i t y  o f  P r e p a r a t i o n  A i n  t h a t  no r e a s o n a b l e  
f o r u m u l a t i o n  a na lo gous  t o  P^C lgB r  can be made; t h e  C l~  a n a l y s i s  
o f  53,4/0 i s  p a r t i c u l a r l y  l o w .  Such d a t a  f o r  P r e p a r a t i o n  B i s  
more p r o m i s i n g ,  w h ich  i s  h a r d l y  s u r p r i s i n g  c o n s i d e r i n g  th e  
c l e a n e r  Raman s p e c t r u m .  The Cl  a n a l y s i s  was 7 5 . 7 ^  and th e
4/ t 1
Br”  a n a l y s i s  was 1 0 . 9/o and,  assuming no c o n s i d e r a b l e  h a lo g e n  
s c r a m b l i n g  has o c c u r r e d  on t h e  b o ron  a n i o n ,  a f o r m u l a t i o n  o f  
(PCl^‘")g(PCl30r"')2(3Cl^")^(Cl")3Br" 
c o u l d  be t e n t a t i v e l y  p ro p o s e d .  T h i s  i s  c o n s i s t e n t  w i t h  t he  
Raman and a n a l y t i c a l  d a t a  though  t h e r e  i s  no p o s i t i v e  e v id e n c e  
f o r  d i f f e r e n t  s i n g l e  h a l i d e  a n io n s  i n  th e  same l a t t i c e .
P r e p a r a t i o n  A showed g r e a t e r  i n s t a b i l i t y  t h an  P r e p a r a t i o n  
B i n  t h a t  exposu re  t o  t he  l a s e r  beam ( 5 1 4 . 5nm) r e s u l t e d  i n  a
- I
r a p i d  i n c r e a s e  i n  i n t e n s i t y  o f  t h e  band a t  458cm due to  t he  
P C l ^ *  c a t i o n  i n  t h e  p re sence  o f  a p o l y a t o m i c  a n i o n .  S i m u l t a n ­
e o u s l y ,  th e  band a t  408cm ( V  ) BCl^ ) i n c r e a s e d  i n
r e l a t i v e  i n t e n s i t y  and a lm o s t  a l l  e v id e n c e  f o r  c a t i o n s  i n  t he
120
s i n g l e  h a l i d e  p o s i t i o n  had v a n i s h e d  a f t e r  2 h o u rs  expo s u re  to  
t h e  l a s e r  r a d i a t i o n .  T h i s  same e f f e c t  was o b s e rv e d  on h e a t i n g  
P r e p a r a t i o n  B to  a bou t  14Q°C. Thus i t  may be r e a s o n a b le  t o  
assume t h a t  th e  p r o d u c t s  o b t a i n e d  a re  t h e  same, w i t h  P r e p a r a t i o n  
B g i v i n g  t h e  much p u r e r  compound.
A c o n f i r m a t o r y  t e s t  was p e r fo r m e d  on P r e p a r a t i o n  3 i n  an a t t e m p t  
t o  show t h a t  i t  was a d i s c r e t e  compound and n o t  a m i x t u r e  o f  
PgiClgBr and PCl^  BCl^ . These l a s t  two s u b s ta n c e s  were mixed 
i n  a 2 :1  r a t i o  and t h e  Raman sp e c t ru m  exam ined.  The main 
f e a t u r e s  d i f f e r e n t i a t i n g  t h i s  sp ec t r um : ’ f r om  t h a t  o f  P r e p a r a t i o n  
B were i n  th e  350-37Dcm ^ a r e a .  The sp ec t r um  o f  t h e  a r t i f i c i a l  
m i x t u r e  c o n t a i n e d  a b road  band w i t h  a maximum a t  359 and a 
s h o u l d e r  a t  366cm ^ as seen i n  t h a t  o f  P ^C lgB r  ( F i g .  I l l g ) .  
However ,  t h e  Raman sp ec t r um  o f  P r e p a r a t i o n  8 has a band w i t h  a 
maximum a t  366cm” ^ ( \ / ^ ( a ^ ) P C l ^ B r ^ )  and no o b v i o u s  f e a t u r e  a t  
359cm"^ .  Hence th e  absence o f  PC1^~ f rom t h i s  p r e p a r a t i o n  can 
be e s t a b l i s h e d  and th u s  i t  i s  r e a s o n a b l e  t o  assume t h a t  i t  i s  
a compound,  p o s s i b l y  w i t h  t h e  f o r m u l a t i o n  s t a t e d  above.
3 . 5  "M a g ic  Ang le  R o t a t i o n "  NMR s t u d i e s  o f  some s o l i d  Phosphorus  ( V ) 
H a l i d e s  and d e r i v a t i v e s
A l l  new s p e c t r a  r e p o r t e d  i n  t h i s  s e c t i o n  were run  a t  th e  
U n i v e r s i t y  o f  East  A n g l i a  by Mr .  A. Root, f o r  ^^P NMR s t u d i e s  
B5/C p h o s p h o r i c  a c i d  was used as a r e f e r e n c e  w i t h  t he  d o w n f i e l d  
d i r e c t i o n  ta k en  as p o s i t i v e ; f o r  " s  NMR th e  r e f e r e n c e  was 
t r i m e t h y l  b o r a t e .
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3 , 5 . a Complexes c o n t a i n i n g  t h e  PC l^ ^  c a t i o n  
31
The P MMR o f  Phase I I  phosphorus  p e n t a c h l o r i d e
PClg ) has been r e c o r d e d  p r e v i o u s l y  w i t h  and w i t h o u t
31r o t a t i o n  a t  t h e  magic  a n g l e .  A s t a t i c  P NMR s t u d y  by
D i l l o n  and lu add ing to n   ^  ^ r e v e a l e d  two d i s t i n c t  c h e m ic a l
s h i f t s  a t  8 8 . 3  and - 2 9 9 . 7 p . p , m  w i t h  a 1:1 a rea  r a t i o .  These
were a s s ig n e d  to  t he  P C l ^ *  and PC l^ ”  i o n s  r e s p e c t i v e l y .
V a lue s  o f  +92 and - 2 8 9 p . p . m  were o b t a i n e d  f o r  t h e s e  res onances
by W ie k e r  and Gr immer  , I n  p i o n e e r i n g  MAR s t u d i e s  by
Andrew e t  a l   ^ t h e  P C l , ^  and PCl^ s h i f t s  were o b s e rv e d4 D
a t  91 p . p . m  and - 2 B 2 p . p . m  r e s p e c t i v e l y .  The p r e s e n t  work
showed s h a r p  res o na nc e s  a t  8 6 . 4  and - 2 9 5 , Bp .p .m  w i t h  an a re a
r a t i o  o f  a lm o s t  1:1 and l i n e w i d t h s  o f  a b o u t  34Hz.
There  have been few s t u d i e s  on Phase I I I  ( m e t a s t a b l e )
p h o s p h o ru s  p e n t a c h l o r i d e  (2PC1^ PCl^  C l  ) u s i n g  P NMR
( 4 9 )s p e c t r o s c o p y .  R ip m e e s te r  and c o - w o r k e r s  i n v e s t i g a t e d  th e
b e h a v i o u r  o f  s o l i d  pho sph o rus  p e n t a c h l o r i d e  u nd e r  p r e s s u r e  and 
fo u n d  t h a t  t h e r e  was a 2:1 r a t i o  i n  th e  i n t e g r a t e d  a re a s  o f  th e  
P C l , ^  and PC1^~ r e s o n a n c e s .  A l s o  t he  P C I , *  re sonance  i n  Phase4 6 4
I I I  was found  to  be b r o a d e r  t h a n  t h a t  o b s e rv e d  i n  Phase I I  due
to  a l a r g e r  F - C l  d i p o l a r  i n t e r a c t i o n .  The c u r r e n t  s t u d y  r e v e a l e d
two b ro a d  reso na nce s  a t  7 7 , 9  and - 2 9 6 , 5 p , p . m  a s s i g n a b l e  to
PC' *  and PC1^~ i n  m e t a s t a b l e  m o d i f i c a t i o n  and s u pe r im po s ed  on 
* 4  o
th e s e  were two v e r y  s ha rp  r es onances  a t  8 6 . 5  and - 2 9 5 , 7 p , p , m  
p re s u m a b l y  r e s u l t i n g  f rom r e s i d u a l  Phase I I  phospho rus  p e n t a ­
c h l o r i d e ,  T h i s  s p e c t r u m  i s  i l l u s t r a t e d  i n  F i g ,  I l l i j  t h e  t r a c e s
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o f  Phase I I  a re  t h o u g h t  t o  a r i s e  f r o m  a c c i d e n t a l  warming o f  
t h e  samp le  w h i l s t  s e a l i n g  th e  g l a s s  sample  h o l d e r .  R ip m e e s te r
e t  a l  ^ o b s e r v e d  the  Phase I I I  ---- ^ Phase I I  t r a n s i t i o n  by
v a r i a b l e  t e m p e r a t u r e  s t u d i e s  and n o te d  t h a t  t h i s  p ro c e s s  
c o u l d  be r e c o g n i s e d  by th e  app earance  o f  t h e  sha rp  Phase I I  
PCl^  peak supe r impo sed  on th e  much b r o a d e r  P C l ^ *  l i n e  
c h a r a c t e r i s t i c  o f  Phase I I I ,
I n  S e c t i o n  3 .2  t h e  p r e p a r a t i o n  o f  t h e  new compound (P C 1^ * )2
BCl^  C l  was d i s c u s s e d ,  t o g e t h e r  w i t h  i t ’ s r e l a t i o n s h i p  to  
PC1^*BC1^“  and s i m i l a r i t y  to  th e  P C l ^ * P C l ^ ” / ( P C l ^ * ) 2P C l^ ” C l ”  
sy s te m .  T h i s  s i m i l a r i t y  p e r s i s t e d  i n  t h e  MAR NMR s t u d y .  The 
P s p e c t ru m  o f  PC1^*BC1^ p ro du ced  a sh a rp  ( 40Hz) r esonance
a t  83 .  I p . p . m  and th e  p re sence  o f  BCl^  was c o n f i r m e d  by ^^ 8 l\JMR
31 4-
when run  u nder  s i m i l a r  c o n o i t i o n s  th e  P s p ec t r um  o f  ( P C l^  )
BC l^ ” C l ”  showed a s ha rp  res ona nce  a t  8 2 . 8 p . p . m  and a b r o a d e r  
re so nance  a t  7 0 . 4 p , p . m ,  T h i s  spec t r um  i s  i l l u s t r a t e d  i n  F i g .  
I l l j  and ,  as i n  th e  phosphorus  p e n t a c h l o r i d e  a n a lo g u e ,  th e  
sha rp  re so nance  i s  t h o u g h t  t o  a r i s e  f rom a t r a c e  ( ~ 1 ^ )  o f  the  
s i m p l e  s a l t  ( i n  t h i s  case PC1^*BC1^" ) ,  p o s s i b l y  p ro duce d  by 
sample  d e c o m p o s i t i o n  d u r i n g  s e a l i n g  o f  t h e  g l a s s  h o l d e r .  Ag a in  
“ 3 MAR NMR i n d i c a t e d  t h a t  BCl^ ”  was th e  o n l y  b o ron  c o n t a i n i n g  
a n i o n .
31
I t  s h o u ld  be emphas ised t h a t  th e  s ha rp  ' P resonances  
o b s e rv e d  i n  ( P C l / j ^ P C I ^ - c r  and ( P C l ^ + l ^ B C l ^ - C i -  a t  40 KHz 
were much e a s i e r  t o  d e t e c t  t h an  the  b ro ad  res onances  w h i c h
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o f t e n  r e q u i r e d  up t o  one hundred  t im e s  more scans to  g i v e  
r e a s o n a b l e  s i g n a l s .  I n d e e d ,  a t  81MHz o n l y  th e  sharp  
r e s o na nc e s  were obse rv e d  wh ich  seems to  i m p l y  t h a t  the  
v a l u e  o f  t h e  s p e c i e s  r e s p o n s i b l e  f o r  th e  b ro ad  resona nce  
changes d r a m a t i c a l l y  w i t h  th e  a p p l i e d  m a g n e t i c  f i e l d ,  'when 
a 1:1 m i x t u r e  o f  P C l ^ ^ B C l^ "  and ( P C l ^ * ) 28C l ^ " C l "  was run  a t  
81MHz o n l y  a s i n g l e  s h a r p ,  r eso na nce  a t  8 2 , Bp ,p .m was 
o b s e r v e d .  T h i s  c o r r e s p o n d s  t o  th e  ^^P re sonance  o f  P C l ^ ^ B C l ^ "  
and s e r v e s  to  emphas ise  th e  p ro b lems  i n  d e t e c t i n g  th e  c a t i o n  
when a s i n g l e  h a l i d e  a n io n  i s  p r e s e n t .
The ^P MAR NMR o f  some o t h e r  PCl^"*" s a l t s  were r e c o rd e d  
f o r  c o m p a r i s on  and th e  f o l l o w i n g  c h e m ic a l s  s h i f t s  were 
o b t a i n e d ; -  P C l ^ + S b C l^ " ,  8 1 , 2 p , p , m ;  P C l ^ ^ I C l ^ " ,  8 2 , 6 p , p , m ;  
P C l ^ ^ I C l ^  , 8 4 , 9 p , p , m  and (PCl^'* ’ ) 2SnClg^~,  7 9 , 9 p , p , m ,
3 , 5 , b  Complexes c o n t a i n i n g  t he  P8r ^ ^  c a t i o n  
31The P c h e m ic a l  s h i f t  d a ta  p r e v i o u s l y  o b t a i n e d  f o r
p ho s ph o rus  p e n ta b ro m id e  ( P B r ^ ^ B r  ) were n o t  e n t i r e l y  c o n s i s t e n t ,
D i l l o n  and D ad d in g to n  obse rved  a s i n g l e  resoncance  a t  - 1 0 4 -
I p , p , m  i n  t h e i r  s t a t i c  s tu d y  a l t h o u g h  l a t e r  s t u d i e s  i n
i 50 )l i q u i d  HCl gave a v a lu e  o f  - 9 5 , 3 p , p . m  % I n  s t r o n g l y  a c i d i c
s o l v e n t s ,  a reso na nce  a s c r i b e d  to  t he  P8r ^  c a t i o n  was obse rv ed  
f 5 ^  )a t  - 8 4 p , p . m  whereas the  same i o n  was a s s ig n e d  to  a
re sonance  a t  —8 1 , 0 p , p , m  when a H spec t r um  o f  P i - l 2/ 3r 2/ n C l ^  
i n  HCl was s t u d i e d  I n  the  s o l i d ,  th e  s t a t i c  ^^P spec t rum
o f  a P C l ^ / d r ^ / B C l ^  p r o d u c t  p roduced a P3 r^  resonance  a t
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f 3 7 )- 6 8 p . p . m ( e s t i m a t e d  f rom  f i g u r e  i n  p a p e r )  , O t h e r
31 + —work by Gr immer  e t  a l  fo un d  t h e  P c h e m ic a l  s h i f t  f o r  P 8 r ^  8 r
(52 )a t  - 7 2 p , p . m  and w i t h i n  t h e  ran ge  - 6 8  t o  -BQ p .p .m  when
v a r i o u s  a d d u c ts  were  s t u d i e d  ( 4 4 , 5 2 , 5 3 ) .  Qj_j_j_on and Gat es
a l s o  n o te d  th e  a p p a r e n t l y  l a r g e  range o f  c h e m ic a l  s h i f t s  f o r
t h e  P8 r ^  c a t i o n  i n  th e  s o l i d  s t a t e  as - 6 6 p , p , m  to  - 1 G 4 p , p ,m
The p r e s e n t  s t u d y  f o c u s s e d  on P B r ^ ^ B r "  and P B r ^ ^ B B r ^ " ,
t h u s  p r o v i d i n g  examples  o f  th e  c a t i o n  a s s o c i a t e d  w i t h  b o t h  a
s i n g l e  h a l i d e  and p o l y a t o m i c  a n i o n .  For  PBr^"^B3r^ a s i n g l e  
31s h a rp  P reso na nce  was obs e rv e d  a t  - 8 0 . Op.p .m w i t h  a l i n e -  
w i d t h  o f  4GHz and th e  "8  MAR NMR e x p e r i m e n t  c o n f i r m e d  8Br^  
as t h e  main a n io n  w i t h  a s h i f t  o f  - 3 Q , 6 p , p , m  f r om  8C1^ ( T h i s
i s  co m p a rab le  w i t h  e a r l i e r  ‘*8 s o l u t i o n  s t u d i e s  ( ^ ^ ^ ) .  The
31 + ^P MAR s t u d i e s  on PBr^ 8 r~  were r a t h e r  i n c o n c l u s i v e  and some
( 55 )d i f f i c u l t i e s  were e n c o u n te re d  i n  o b t a i n i n g  s p e c t r a  . I n
g e n e r a l ,  s i n g l e  b ro ad  reso nances  (60CHz) were o b t a i n e d  between 
- 8 0  and - 9 0 p . p , m  and i t  was a p p a r e n t  t h a t  MAR d i d  n o t  n o t i c e a b l y  
sh a rpe n  th e s e  r e s o n a n c e s .  On one o c c a s i o n  a s h a r p e r  resonance  
was o b t a i n e d  a t  - IG G p .p .m  more c o n s i s t e n t  w i t h  a p r e v i o u s  r e s u l t  
( ^ ^ ) ,  These r e s u l t s  ca n n o t  be e x p l a i n e d  e a s i l y ;  p o s s i b l y  th e  
b ro ad  re so nance s c o u l d  a r i s e  f r om  p a r t i a l  h y d r o l y s i s  o f  PGr^*  
to  PBr^GH* due t o  i n c o m p l e t e  s e a l i n g  o f  t h e  sample  r o t o r  b u t  
t h i s  does n o t  a c c o u n t  f o r  the  w ide range o f  P 8 r ^ *  resonances  
d i s c u s s e d  e a r l i e r .
From th e  o b s e r v a t i o n s  made i n  t he  t e t r a c h l o r o p h o s p h c n i u m  
s p e c i e s  ( S e c t ,  3 , 5 , a) r a t h e r  b ro ad  re so nance s wou ld  be e x pe c ted
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when a s i n g l e  h a l i d e  a n io n  i s  p r e s e n t  and n a r r o w e r  r es onances
to  o c c u r  i n  t he  p re sen ce  o f  a p o l y a t o m i c  a n i o n .  T h i s
31b e h a v i o u r  i s  obse rv e d  i n  the  P MAR s p e c t r a  o f  m e t h y l h a l o -  
phospho ranes  and d e r i v a t i v e s  and i s  d i s c u s s e d  i n  S e c t i o n  4 , 5 ,
3 , 5 . c  Complexes c o n t a i n i n g  m i x t u r e s  o f  PC l^S r^  c a t i o n s
The f u l l  range o f  PCI B r ,  ( o ^ n ^ 4 )  i o n s  have been i n -n 4 - n  '
31v e s t i g a t e d  by P NMR b e f o r e ,  by b o t h  t he  s t a t i c  s o l i d - s t a t e
( 3 7 , 5 3 )  .  ^ ( 5 0 , 5 1 , 5 6 , 5 7 )and s o l u t i o n  measurements
I n  g e n e r a l ,  th e  p r o d u c t s  i n v e s t i g a t e d  were p r e p a r e d  by
i )  P C l ^ / B C l ^ / B r ^  r e a c t i o n s  ( ^ 7 , 5 0 ) ^  n ) p x ^ / l ^  r e a c t i o n s
i i i )  t h e  r e a c t i o n  o f  phosph orus  ( V) h a l i d e s  w i t h  s t r o n g l y  a c i d i c
( s i )s o l v e n t s  '  , i v )  th e  r e a c t i o n  o f  pho spho rus  ( i l l )  h a l i d e s  w i t h
( 57 )
h a lo g e n s  i n  s t r o n g l y  a c i d i c  s o l v e n t s  and,  v )  th e  r e a c t i o n
o f  p hospho rus  ( i l l )  h a l i d e s  w i t h  s t r o n g l y  a c i d  s o l v e n t s  
The res onances  r e p o r t e d  i n  th ese  s t u d i e s  f a l l  w i t h i n  t h e  f o l l o w i n g  
ran ge s  : -
P C l^ ^  (96 zo 7 3 p . p , m . ) ,  P C l ^ B r *  (50 t o  3 8 p . p . m . ) ,  PCl^Br^"^ ( 12 
t o  3 p . p . m , ) ,  P C lB r ^ ^  ( -2 8  to  -  3 5 p . p , m . )  and F 8 r ^ *  ( - 6 6  t o - 1 0 4 p . p . m . )
D i s c u s s i o n s  e a r l i e r  i n  t h i s  c h a p t e r  have i n d i c a t e d  th e  
e f f e c t  o f  s i n g l e  h a l i d e  a n ion s  upon the  Raman s p e c t r a  o f  P C l ^ /  
9 C 1 ^ /B r_  p r o d u c t s  and have shown t h a t  i n  some p r e p a r a t i o n s  b o th  
s i n g l e  h a l i d e  and p o l y a t o m i c  a n io n  p r o d u c t s  may r e s u l t .  However , 
b e f o r e  d i s c u s s i n g  the  p r e s e n t  NMR r e s u l t s  f o r  t h a t  s y s te m ,  t he  
MAR NMR spec t r um  f o r  th e  compound P^C lgBr  i s  p r e s e n t e d  i n
( 33 )
F i g ,  I I  I k ,  T h i s  compound, f i r s t  p re p a re d  by K o l d i t z  and F e l t z
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has been e x p l i c i t l y  f o r m u l a t e d  as ( P C l ^ ' ^ ) ^ ( P C l ^ B r ' ^ ) 2 (PC lg  ) ^ ( B r
f o l l o w i n g  a d e t a i l e d  s p e c t r o s c o p i c  i n v e s t i g a t i o n  where s t a t i c
31 _
P NMR showed re sonances a t  - 2 9 5 p . p . m .  (P C l^  ) and BOp.p .m.
( P C l ^ * )  w i t h  a h i g h  f i e l d  s h o u l d e r  ( P C l ^ B r * )  The MAR
s p e c t ru m  has a f a i r l y  b road  resonance  (160 Hz) a t  - 2 9 8 . Op .p .m.
due t o  PCl^  and a v e r y  bro ad  (2200 Hz) b u t  s l i g h t l y  a s y m m et r i c
re so nance  a t  7 0 . 5 p , p . m .  u n d o u b t e d l y  a r i s i n g  f r om  PC l^^  and
P C l ^ B r ^ .  I t  i s  i n t e r e s t i n g  to  n o te  t h a t  th e  NMR has n o t  s e p a r a t e d
t h e s e  c a t i o n  re sonance s  i n  t h i s  "m ixed  c a t i o n "  s i n g l e  h a l i d e
complex  and t h a t  t h i s  re sonance  i s  p a r t i c u l a r l y  b ro a d .  I t  was
r e p o r t e d  i n  S e c t i o n  3 . 4  t h a t  a compound a na lo go u s  to  P^C lg B r
m ig h t  have been p re p a re d  ( P r e p s .  A and B) b u t  u n f o r t u n a t e l y  no
NMR measurements  were  made t o  see i f  a b ro ad  c a t i o n  r esona nce
wou ld  o c c u r .
I n  F i g s .  I l l d ,  e and f  th e  Raman s p e c t r a  o f  th e  P C I ^ / b C I ^ /
Br^  s y n t h e s e s .  R e a c t i o n  1, R e a c t i o n  2 and P re p .  4 were p r e s e n t e d ;
31th e  c o r r e s p o n d i n g  P MAR NMR s p e c t r a  a re  i l l u s t r a t e d  i n  F i g s ,  
nil, m and n.
C o n s i d e r i n g  a l l  t h r e e  NMR s p e c t r a ,  t h e r e  a re  up to  t h r e e  
res onances  a s s o c i a t e d  w i t h  eacn o f  t h e  PCl^  , PC l^Br  and PC l^Br  
r e g i o n s ; -  two n a r ro w  h i g h  f r e q u e n c y  resonances  and a v e r y  bread 
l o w e r  f r e q u e n c y  re so na nce .  From t h i s  t h e r e  must  be up to  t h r e e  
d i f f e r e n t  s o l i d s  c o n t a i n i n g  each c a t i o n  and t h e i r  r a t i o s  v a r y  
f r om  p r e p a r a t i o n  t o  p r e p a r a t i o n .  A r e c o n s i d e r a t i o n  o f  t he  
Raman s p e c t r a  i n  t he  l i g h t  o f  t h i s  i s  p u z z l i n g .  R e a c t i o n s  1 and
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2 a re  v e r y  s i m i l a r  w i t h  c a t i o n i c  bands s o l e l y  i n  th e  s i n g l e
h a l i d e  a n io n  p o s i t i o n  s u g g e s t i n g  f o r m u l a t i o n s  o f  th e  t y p e
^ whereas i n  P rep,  4 c a t i o n  band p o s i t i o n s  i n d i c a t e
31a m i x t u r e  o f  s i n g l e  h a l i d e  and p o l y a t o m i c  a n i o n s .  The P MAR
NMR o f  R e a c t i o n  1 i n d i c a t e s  p r e d o m i n a n t l y  two re so nance s pe r
c a t i o n ;  th e  l o w e r  f r e q u e n c y  n a r ro w  band and th e  b ro ad  band
a l t h o u g h  th ere  a re  j u s t  t r a c e s  o f  th e  h i g h e r  f r e q u e n c y  n a r ro w
band.  The c h e m ic a l  s h i f t s  a re  as f o l l o w s :  P C l^ ^  ( 8 3 . 5  and
7 3 . 4 p . p . m . ) ,  PC l^Br  ( 4 8 . 2  and 4 0 . D p . p . m . )  and P C l2 3 r 2 ^  ( 9 . 4  and 
315 . 9 p . p . m . ) .  The P MAR NMR s p ec t r um  o f  R e a c t i o n  2 c o n t a i n s  b o th
n a r ro w  resona nces  and th e  b r o a d e r ,  low f r e q u e n c y  band w i t h  th e
f o l l o w i n g  c h e m ic a l  s h i f t s :  P C l ^ *  ( 8 4 . 8 ,  8 4 . 0  and 75.1  p . p . m . ) ,
P C l ^ B r *  ( 4 9 . 7 ,  4 8 .5  and 4 0 .5  p . p . m . )  and P C l2B r 2*  ( 1 1 . 6 ,  9 . 6  and
6 . 7  p . p . m . ) .  P r e p a r a t i o n  4 gave the  most  complex  Raman sp ec t r um  
31b u t  t h e  P MAR NMR c o n t a i n e d  p r e d o m i n a n t l y  t h e  two n a r ro w  
r es o na nc e s  w i t h  o n l y  t r a c e s  o f  th e  low f r e q u e n c y  bro ad  band.  The 
c h e m ic a l  s h i f t s  a re  as f o l l o w s :  PC l^^  ( 8 4 . 9  and 8 4 .0  p . p . m . ) ,
P C l ^ B r *  ( 4 9 . 8  and 4 8 .4  p . p . m . ) ,  PC l2B r 2*  ( 1 1 . 8  and 9 .7  p . p . m . )  
and P C l B r ^ *  ( - 2 2 . 8  and - 3 1 , 6  p . p . m . ) .
At  f i r s t  s i g h t  t h e r e  seems t o  be some c o n f l i c t  be tween the  
c o n c l u s i o n s  f o r  Raman and NMR s p e c t r a .  Data  f o r  (PC l^  )2SC1^ 01 , 
( p C l ^ ' ^ ) 2PClg ' ’ Cl~ and P2C lgBr  su g g e s t  t h a t  sha rp  c a t i o n i c  resona nces 
a re  a s s o c i a t e d  w i t h  compounds where o n l y  p o l y a t o m i c  a n io n s  o c c u r  
whereas b road  c a t i o n i c  resona nces r e s u l t  where s i n g l e  h a l i d e  i o n s  
a re  p r e s e n t .  I t  i s  nece s s a ry  t o  r e - e m p h a s is e  here  th e  r e l a t i v e l y
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mg r e a t e r  number o f  scans ( t y p i c a l l y  one hundred  f o l d )  r e q u i r e d  
t o  o b t a i n  m easurab le  s i g n a l s  f o r  th e  s i n g l e  h a l i d e  t y p e  
c o m p le x e s .
The MAR NMR s p e c t r a  i n d i c a t e  t h a t  BCl^  i s  th e  p r e d o m i n a n t  
p o l y a t o m i c  a n io n  i n  a l l  t h r e e  p r o d u c t s  w i t h  r e s i d u a l  t r a c e s  
o f  B C l^B r  i n  R e a c t i o n s  1 and 2 .  The r e l a t i v e  ease w i t h  wh ich  
t h e  **B s p ec t r um  was o b t a i n e d  f o r  P rep,  4 as compared w i t h  
R e a c t i o n s  1 and 2 s u g g e s ts  t h a t  i t  has a h i g h e r  b o ron  c o n t e n t .
T h i s  i s  c o n s i s t e n t  w i t h  t he  Raman d a t a  because f o r m u l a t i o n s  
l i k e  ( P X ^ ^ ) 2BX^ X w i l l  c o n t a i n  r e l a t i v e l y  l e s s  b o ron  t h a n  a 
m i x t u r e  o f  (PX^'*’ ) 2BX^~X~ and PX^^BX^ .
31Thus a t h e o r y  may be p u t  f o r w a r d  t o  e x p l a i n  th e  P s p e c t r a ; -  
I n  R e a c t i o n  1 the  low f r e q u e n c y  bro ad  re so nance s may a r i s e  f r om  
c a t i o n s  i n  ( P X ^ ^ ) 2BX^ X o r  s i m i l a r  complexes w h i l s t  th e  nar row 
r es onances  a r i s e  f rom  r e s i d u a l  PX^^BX^ s p e c i e s  n o t  s i g n i f i ­
c a n t l y  d e t e c t e d  by th e  Raman s t u d y .  I n  R e a c t i o n  2 t h e  low 
f r e q u e n c y  b road  resonances may a g a in  a r i s e  f rom (PX^"*")^BX^ X 
o r  s i m i l a r  complexes and the  two nar row  reso na nces  p e r  c a t i o n  
m ig h t  a r i s e  f r om  r e s i d u a l  PX^ 3X^ s p e c ie s  i n  two s l i g h t l y  
d i f f e r e n t  e n v i r o n m e n t s .  Again  th ese  p o l y a t o m i c  a n io n  complexes 
were n o t  d e t e c t e d  by th e  Raman s t u d y .  I n  P rep .  4 th e  two nar row  
reso na nce s  p e r  c a t i o n  may a r i s e  f rom PX^ BX^ s p e c i e s  i n  two 
e n v i r o n m e n t s  and the  r e s i d u a l  b ro ad  resona nces a r i s e  f rom 
(FX ^ ’^ )23X^“ X“  l i k e  s p e c ie s  so c l e a r l y  i n d i c a t e d  by th e  Raman 
s t u d y  b u t  n o t  i n t e n s e  i n  the  NMR because o f  u n f a v o u r a b l e
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c o n d i t i o n s .
These i d e a s  r e c o n c i l e  th e  Raman and NMR s p e c t r a  q u i t e
w e l l  and h i g h l i g h t  th e  d i f f e r e n t  s e n s i t i v i t i e s  o f  th e  t e c h n i q u e s .
NMR s p e c t r o s c o p y  u nde r  th e  c o n d i t i o n s  used i n  t h i s  work  seems
31t o  p r e f e r e n t i a l l y  d e t e c t  and r e s o l v e  P re sonance s  f rom  c a t i o n s  
a s s o c i a t e d  o n l y  w i t h  a p o l y a t o m i c  a n i o n .  C o n v e r s e l y ,  Raman 
s p e c t r o s c o p y  r e a d i l y  d e t e c t s  phosphonium c a t i o n s  where  t h e r e  are  
s i n g l e  h a l i d e  a n io n s  i n  t he  l a t t i c e .  'aJhen^Raman s p ec t r um  o f  an 
e q u i m d l a r  m i x t u r e  o f  P C l ^ ^ P C l^ "  and ( P C l ^ ' ^ ) 2P C l g " C l "  o r  o f  
(P C l ^  BBl^  i s  r u n ,  t h e  bands due to  th e
h a l i d e  a n i o n  fo rm  a re  a lways more i n t e n s e  t h a n  th o s e  due to  the  
p o l y a t o m i c  a n io n  comp lexe s.  T h i s  i s  p r o b a b l y  s i m p l y  due t o  th e  
2 :1  c a t i o n  r a t i o  between the  two fo rms and t h i s  c o u l d  cause 
p r e f e r e n t i a l  Raman d e t e c t i o n  o f  such s p e c i e s .  I t  s h o u l d ,  how eve r ,  
be n o te d  t h a t  no Raman o r  NMR e x p e r im e n t  on th e  mixed h a l i d e
p r o d u c t s  can d e t e c t  the  n a t u r e  o f  any X s p e c ie s  p r e s e n t .
31A c l o s e  e x a m in a t i o n  o f  th e  ' P MAR NMR s p e c t r a  o f  R e a c t i o n s  
1 and 2 and P rep.  4 r e v e a l s  t h a t  w i t h  i n c r e a s i n g  b ro m in e  c o n t e n t  
o f  t h e  c a t i o n ,  th e  l a r g e r  becomes th e  s e p a r a t i o n  between th e  two 
na r ro w  reso nances  (O.S p . p . m .  w i t h  PCl^ to  2 .8  p . p . m .  w i t h  
P C l S r ^ ^ .  A lso  the  s e p a r a t i o n  between the  l o w e s t  f r e q u e n c y  
n a r ro w  res ona nce  and the  broad resonance d ec reases  w i t h  b ro m in e  
c o n t e n t  o f  th e  c a t i o n  ( 4 . 9  p . p . m .  w i t h  Pwl^  t o  2 .9  p . p . m .  w i t h  
P C l^ B r ^ " ^ ) .  Thus i t  appears  t h a t  a c r o s s o v e r  p o i n t  s h o u ld  oc c u r  
where t h e  nar row  resonances w i l l  o c c u r  a t  a l o w e r  f r e q u e n c y  
t h a n  th e  bro ad  re so na nce .  Such a p o i n t  wou ld  be p r e d i c t e d  i n
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t h e  PC lB r^  r e g i o n  b u t  has n o t  been o b s e rv e d  though  a s i m i l a r
31phenomenon was fo un d  i n  t he  P NMR s p e c t r a  o f  the  m e t h y l -
p hospho ranes  and t h e i r  d e r i v a t i v e s  ( C h a p t e r  4 , 6 ) .
A PC l2/ B B r 2/ B r 2 r e a c t i o n  was p e r fo rm e d  i n  an a t t e m p t  to
o b s e rv e  t h i s  c r o s s o v e r  p o i n t .  The Raman s p e c t ru m  i n d i c a t e d
t h e  p re s en c e  o f  PBr^ ( p o l y a t o m i c  a n i o n ) ,  PBr^Cl"*” ( h a l i d e  a n i o n )
and P C l ^ B r ^ ^  ( h a l i d e  a n i o n )  as w e l l  as B B r ^ " .  The MAR NMR
i n d i c a t e d  th e  who le  range o f  bor on  c o n t a i n i n g  a n io n s  (B C l^~ B B r^~ )
and was r e c e n t l y  r e p o r t e d  The ^^P MAR NMR sp ec t r um  showed
b ro ad  resona nces a t  7 . 6 ,  - 2 8 . 2  and - 6 4 . 7  p . p . m .  i n d i c a t i n g  the
same c a t i o n s  as th e  Raman d a t a .  The h e a v i e r  t h e  c a t i o n i c
b ro m in e  c o n t e n t ,  th e  b ro a d e r  th e  NMR re s o n a n c e s ;  th e  P B r , * ^ 4
resonance  i s  a l s o  s h i f t e d  f rom t h a t  p r e d i c t e d  when BX s p e c i e s
a re  a n i o n s  a l t h o u g h  th e  Raman s u g g e s ts  a p o l y a t o m i c  c a t i o n  o n l y .
T h i s  i s  c o n s i s t e n t  w i t h  th e  f a i l u r e  t o  i s o l a t e  any (P B r ^ ^ )2 3 X ^  X
compounds i n  th e  co u rse  o f  t h i s  work ( c . f .  r e f e r e n c e  4 1 ) ;  t h e
o n l y  s i n g l e  h a l i d e  compounds c h a r a c t e r i z e d  w i t h  PB r^ *  are
PBr ^ ^ r "  P B r . ^ C l "  ( 4 2 ; ^  The b ro ad  resona nces  due to
4 4
PBr Cl"^ and PGr2C l 2^ are  i n  r e a s o n a b le  p o s i t i o n s  f o r
BX X F o r m u l a t i o n s  p r e d i c t e d  f rom R e a c t i o n s  1, 2 and P rep.  4 
4
a l t h o u g h  a g a in  th e  p o s s i b i l i t y  o f  PX^ x“ s p e c i e s  ca n n o t  be 
d i s m i s s e d .  D e s p i t e  the  f a c t  t h a t  the  P C l ^ / S B r ^ / B r g  r e a c t i o n  
p r o d u c t  does n o t  e n t i r e l y  f i t  w i t h  t he  i d e a  l i n k i n g  th e  b ro ad  
and na r ro w  NMR bands w i t h  the  Raman d a t a ,  numerous o t h e r  
P C l ^ / B C l ^ / B r 2 r e a c t i o n  p r o d u c t s  were s t u d i e d  and do nor  d i r e c t l y
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c o n t r a d i c t  i t .
2 . 5 . d  V a r i a b l e  t e m p e r a t u r e  M.A.R.  NMR s t u d i e s
R e a c t i o n s  1 and 2 and P rep .  4 were i n v e s t i g a t e d  by V .T .
31
P M .A .R .  and showed c o n s i s t e n t  r e s u l t s .  F i g .  I I I o  i l l u s t r a t e s
t h e  PCl^  , PC l^Br  and P C l ^ B r 2 r e g i o n s  o f  t h e  P rep.  4
s p e c t ru m  a t  v a r i o u s  t e m p e r a t u r e s .  The changes are  q u i t e  e x t r a ­
o r d i n a r y :  when the  sample was hea ted  t o  a bou t  50°C t h e r e
was a l o s s  o f  the  low f r e q u e n c y  nar row re so nance s and a s l i g h t  
i n c r e a s e  i n  i n t e n s i t y  o f  t he  b ro ad  r es o na nc e s .  F u r t h e r  h e a t i n g  | 
t o  above 90°C caused a more d r a m a t i c  i n c r e a s e  i n  i n t e n s i t y  o f  
t h e  b ro ad  resona nces e s p e c i a l l y  i n  the  P C l^ B r ^  and P C l 2 9 r 2 *  
r e g i o n s  and a l s o  t he  r e - a p p e a r a n c e  o f  th e  low f r e q u e n c y  nar row 
reso na nc e s  w h i l s t  the  h ig h  f r e q u e n c y  nar row re so nance s v a n i s h e d .  
R e - c o o l i n g  t o  30°C caused a c o n s i d e r a b l e  r e d u c t i o n  i n  i n t e n s i t y  
o f  t h e  b ro ad  resonances  and the  re -a p p e a r a n c e  o f  the  h i g h  
f r e q u e n c y  nar ro w  resonances accompanied by the  d is a p p e a r a n c e  o f  
t h e  low f r e q u e n c y  nar row  res o na nc e s .  C o o l i n g  to  am b ie n t  f rom 
e i t h e r  6G°C o r  90°C r e s u l t e d  i n  t he  same e f f e c t  -  each c a t i o n  
was c h a r a c t e r i s e d  by the  h ig h  f r e q u e n c y  nar row  reso na nce  and 
r e s i d u a l  b road resonance .
O v e r a l l ,  t h e r e  appear  to  be th r e e  main p ro c es s e s  t a k i n g  
p l a c e : -  a ) The i r r e v e r s i b l e  l o s s  o f  the  low f r e q u e n c y  nar ro w  
resonance  on h e a t i n g  to  ^ 6 0 ° C  b) The r e v e r s i b l e  appea rance  o f  
t h e  lo w  f r e q u e n c y  nar row  resonance  and d is a p p e a r a n c e  o f  the  
h i g h  f r e q u e n c y  sharp  resonance on h e a t i n g  to  ^  90 C. T h i s
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p ro c e s s  i s  accompanied by a r e v e r s i b l e  i n c r e a s e  i n  i n t e n s i t y  
o f  th e  broad  resonance ,  c )  The i r r e v e r s i b l e  i n c r e a s e  i n  
i n t e n s i t y  o f  th e  PC l^ ^  c a t i o n  a t  ^  90°C.
Q u a l i t a t i v e l y ,  these  r e s u l t s  agree q u i t e  w e l l  w i t h  th e  
W.T. Raman s t u d i e s  on Prep,  4,  a l t h o u g h  th e  NMR s t u d y  d e t e c t s  
more s u b t l e  changes.  The Raman i n d i c a t e d  the  f o r m a t i o n  o f  
p o l y a t o m i c  a n io n  s p e c ie s  o n l y  a t  90°C and a p redominance o f  
th e  PCl^  and PCl^Br"*" c a t i o n s .  On c o o l i n g  t o  amb ien t  o v e r  
s e v e r a l  days the  Raman spec t rum  r e v e r t e d  t o  i t ’ s o r i g i n a l  fo rm  
(a  m i x t u r e  o f  s i n g l e  h a l i d e  and p o l y a t o m i c  a n i o n s )  a f a c t  wh i ch  
s u p p o r t s  t h e  i d e a  t h a t  the  two sharp  NMR resonances  r e s u l t  f rom 
d i f f e r e n t  phases o f  p o l y a t o m i c  a n io n  s p e c i e s .  I t  i s  r a t h e r  hard  
t o  p o s t u l a t e  a c t u a l  r e a c t i o n  schemes to  e x p l a i n  th e  W.T. 
o b s e r v a t i o n s  as n o t  enough i s  known abou t  r e a c t i o n s  between 
d i f f e r e n t  ch lo rob romoph osphon ium c a t i o n s .  The d i f f e r e n t  n a t u r e  
o f  th e  two t e c h n i q u e s  may a ccou nt  f o r  any a p p a re n t  d i s c r e p a n c i e s  
between th e  s t u d i e s  -  NMR m o n i t o r s  the  e n t i r e  sample whereas 
Raman o n l y  m o n i t o r s  a s m a l l  f r a c t i o n  o f  i t .  A l s o ,  some sub­
l i m a t i o n  may o c c u r  i n  the  Raman tube s  and t h i s  c o u ld  n o t  be
d i r e c t l y  m o n i t o r e d .
V . T .  1(8 M.A.R.  NMR was p e r fo rm ed  on some P C l ^ / B C l ^ / B r g  
r e a c t i o n  p r o d u c t s  b u t  no e v id ence  was found f o r  c o n s i d e r a b l e
h a lo g e n  s c r a m b l i n g  i n  the  a n i o n .
M.A.R .  ^'^P NMR s p e c t r a  were r e c o rd ed  f o r  some s u b l i m a t e s  and 
r e s i d u e s  o f  P C l . / S C l g / B r g  r e a c t i o n  p r o d u c t s .  I n  p a r t i c u l a r ,
u o
P r e p .  4 was i n v e s t i g a t e d .  In  a l l  cases th e  s u b l i m a t e s  gave 
b ro a d  resonances  w h ic h  su gg es ts  t h a t  th e y  c o n t a i n  s i n g l e  
h a l i d e  a n io n s  and a re  p r o b a b l y  (PX^ '^ )^b x^ “ x“  f o r m u l a t i o n s .
T h i s  i s  c o n s i s t e n t  w i t h  the  Raman o b s e r v a t i o n s  d i s c u s s e d  i n  
S e c t i o n  3 . 3 .  The r e s i d u e s  g e n e r a l l y  gave shar p  r eso na nces  
(1 p e r  c a t i o n )  and i n  some cases c o n t a i n e d  a lm o s t  e x c l u s i v e l y  
th e  PCl^  c a t i o n .  Th is  su gg es ts  t h a t  th e  r e s i d u e s  a re  p r e ­
d o m i n a n t l y  p o l y a t o m i c  PX^ BX^ s p e c i e s ,  a g a in  i n  f a i r  a g re e ­
ment w i t h  t h e  Raman f i n d i n g s .  Not enough i s  known t o  p o s t u l a t e  
wha t  r e a c t i o n s  a re  o c c u r r i n g  i n  the  s u b l i m a t i o n  s t u d i e s  b u t  i t  
seems c e r t a i n  t h a t  t h e  s i n g l e  h a l i d e  a n io n  s p e c i e s  a re  more 
v o l a t i l e  t h an  t h e  p o l y a t o m i c  a n io n  s p e c ie s  and are  t h e r e f o r e  
c o l l e c t e d  as s u b l i m a t e s ,
3 , 5  Summary
The f o l l o w i n g  b r i e f l y  summar ises th e  main o b s e r v a t i o n s  
r e p o r t e d  i n  C ha p te r  3.
i )  The Raman f r e q u e n c i e s  o f  th e  PCl^^  and PBr^ *  c a t i o n s  
were no ted  w i t h  and w i t h o u t  the  p re sence  o f  s i n g l e  
h a l i d e  a n i o n s ,  when an X" a n io n  was r e p la c e d  by a 
p o l y a t o m i c  s p e c ie s  h ig h  f r e q u e n c y  s h i f t s  o f  some 
c a t i o n i c  Raman bands were o bs e rv e d ,
i i )  An e x p l a n a t i o n  f o r  the  Raman s h i f t  phenomenon was
—
pro po sed  f rom th e  X - r a y  d a ta  a v a i l a b l e  f o r  P3 r^  3r
PBr ^ 3 r  ”  where t h e r e  i s  shown to  be c o n s i d e r a b l e  a n io n  
4 3
ca t i o n  i n t e r a c t i o n  w i t h o u t  g ro s s  symmetry d i s t o r t i o n .
% 1
T h i s  i n t e r a c t i o n  p r o b a b l y  l e a d s  t o  P - B r  bond wea ken ing  
and c o nsequen t  l o w e r  v i b r a t i o n a l  f r e q u e n c i e s ,
i i i )  The b e h a v i o u r  o f  PCl^  (Phase I I ) and P0 r^  i n  v a r i o u s  
s o l v e n t s  was d i s c u s s e d .  V a r i o u s  methods f o r  t he  
p r e p a r a t i o n  o f  Phase I I I  PCl^  were n o te d  and some 
s p e c u l a t i v e  mechanisms p ro p o s e d ,
i v )  The n a t u r e  o f  some s y m m e t r i c  and a s y m m e t r i c  t r i h a l i d e s  
were d i s c u s s e d  i n  v i e w  o f  th e  mechanism p ro posed  f o r  
Phase I I I  PCl^  f o r m a t i o n .
V ) The p r e p a r a t i o n  o f  a new s i n g l e  h a l i d e  compound
(PC1^ * ) 28C1^ Cl  was n o t e d ,  Raman s p e c t ru m  r e c o r d e d  
and g e n e r a l  co m p a r i s o n s  made w i t h  (P C l^  *
V . T .  Raman i n d i c a t e d  a r e v e r s i b l e  e q u i l i b r i u m  between 
t h i s  compound and P C l ^ ^ B C l^  and P C l^^P C l^  . 
v i )  The compound (PC1^'*’ )2BC1^ Cl  was p ro posed  as b e i n g  a 
p a r t i c u l a r  p u re  example o f  th e  s i n g l e  h a l i d e  a n io n  
s p e c i e s  c o n t a i n i n g  th e  P C l^ B r ^  (o^ n^ A )  c a t i o n s  t h a t  
r e s u l t  f r om  P C l ^ / B C l ^ / B r ^  r e a c t i o n s ,  
v i i )  V . T .  Raman s t u d i e s  on P C l ^ / B C l ^ / S r ^  r e a c t i o n  p r o d u c t s  
r e s u l t e d  i n  t h e  f o r m a t i o n  o f  p o l y a t o m i c  a n i o n  p r o d u c t s  
a t  h i g h  t e m p e r a t u r e s  a l t h o u g h  th e  p ro c e s s  p ro ved  t o  be 
r e v e r s i b l e  on c o o l i n g ,
v i i i )  The compound P^C lgBr  was d i s c u s s e d  i n  r e l a t i o n  to  s i n g l e  
h a l i d e  a n io n  s p e c i e s  and th e  Raman sp ec t r um  o f  £ new 
BCl ~ c o n t a i n i n g  a na lo gue  was r e p o r t e d .  T h i s  l e c \  to
% 2
t h e  p r o p o s a l  t h a t  t h e r e  may be more mixed c a t i o n
s i n g l e  h a l i d e  a n io n  s p e c i e s  p r e s e n t  i n  m i x t u r e s .
31i x )  P M .A .R .  NMR s t u d i e s  were p e r f o r m e d  on s i m p l e
compounds c o n t a i n i n g  t h e  P C l ^ *  and P8 r ^ ^  c a t i o n s .  
Sharp res onances  were a lw ays  fo un d  t o  o c c u r  when 
o n l y  a p o l y a t o m i c  a n i o n  was p r e s e n t  b u t  th e  p re sence  
o f  s i n g l e  h a l i d e  a n i o n s  p ro duced  b r o a d e r  resonances  
t h a t  were r e l a t i v e l y  h a r d e r  t o  d e t e c t .
31 P M.A .R .  NMR o f  some P C l ^ / B C l 2/ B r 2 r e a c t i o n  p r o d u c t s
showed up to  3 r es onances  (2 n a r r o w ,  1 b r o a d )  p e r  
c a t i o n  ( f o r  P C l ^ ^ ,  PCl^Br"*", P C l28 r 2 ^ )  and t h e s e  were 
e x p l a i n e d  i n  te rm s o f  two PX^^BX^ phases and (P%4 ^ )2  
BX^” X s p e c i e s ,  
x i )  V . T .  ^^P M.A .R .  NMR s t u d i e s  o f  some P C l ^ / B C l ^ / B r 2
r e a c t i o n  p r o d u c t s  were r e a s o n a b l y  c o n s i s t e n t  w i t h  t he  
V . T .  Raman i n v e s t i g a t i o n s  a l t h o u g h  some more s u b t l e  
and as y e t  u n e x p l a i n e d  changes were  o b s e rv e d .  T h i s  
s e rv e d  t o  h i g h l i g h t  t h e  s e n s i t i v i t y  d i f f e r e n c e s  o f  NMR 
and Raman s p e c t r o s c o p y  i n  s t u d y i n g  th e s e  s ys te m s .
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CHAPTER 4 
RESULTS AND DISCUSSION C
4.  P r e p a r a t i o n  and S p e c t r o s c o p i c  S t u d i e s  o f  some M e th y lh a lo p h o s p h o r a n e s
and d e r i v a t i v e s  
4 .1  M on om e thy lha lop ho s p ho ra ne s
4 . 1 . a M e t h y l t e t r a c h l o r o p h o s p h o r a n e  and M e t h y l t e t r a b r o m o p h o s p h o r a n e  and 
some d e r i v a t i v e s
M e t h y l t e t r a c h l o r o p h o s p h o r a n e  had t w i c e  been th e  s u b j e c t  o f  a 
d e t a i l e d  Raman s p e c t r o s c o p i c  i n v e s t i g a t i o n  p r i o r  to  th e  p r e s e n t
f  1 2)work  * , These s t u d i e s  s u g g e s te d  t h a t  i n  th e  s o l i d  s t a t e ,  the  
compound was i o n i c  w i t h  a c a t i o n  o f  C^^ symmetry and was f o r m u l a t e d  
as MePCl^^Cl  . The v i b r a t i o n a l  r e p r e s e n t a t i o n  f o r  such a c a t i o n  
( assumin g  th e  Me g ro up  to  be a p o i n t )  wou ld  be
r ^ v i b  = + 3e (R,  IR)
where R and IR i n d i c a t e  Raman and i n f r a - r e d  a c t i v i t y .  (Work by
B e a t t i e  i n d i c a t e d  t h a t  i n  n o n - p o l a r  s o l v e n t s  t h i s  subs ta nc e  was
m o l e c u l a r  w i t h  a t r i g o n a l  b i p y r a m i d a l  c o n f i g u r a t i o n  and t h a t  th e
m e t h y l  g roup  o c c u p ie d  an e q u a t o r i a l  p o s i t i o n  c o n f e r r i n g  o v e r a l l
C^y symmetry , The r e s u l t s  o f  th e  c u r r e n t  i n v e s t i g a t i o n  are
g i v e n  l a t e r  i n  t h i s  c h a p t e r ) .  I t  i s  i m p o r t a n t  to  n o te  here  t h a t
i n  a l l  e ns u in g  d i s c u s s i o n s  th e  Me g ro ups  a r e ,  i n  r e s p e c t  to  symmetry
arguments ,  r e g a r d e d  as p o i n t s  c e n t r e d  on th e  c a rb on  atom.  T h is
a s s u m p t i o n  i s  v a l i d  f o r  two main r e a s o n s : -  i )  The r e l a t i v e l y  s m a l l
masses o f  t he  hyd rog en  atoms c o n t r i b u t e  l i t t l e  t o  the  s k e l e t a l
modes o f  v i b r a t i o n  v i a  c o u p l i n g  phenomena and i i )  t he  C-H modes
o c c u r  a t  a s u f f i c i e n t l y  h i g h  f r e q u e n c y  n o t  t o  o bs c u re  t he  o t h e r
mv i b r a t i o n s  u nd e r  o b s e r v a t i o n .
The s o l i d  - s t a t e  Raman sp ec t r um  o f  MePCl^^Cl i s  p r e s e n t e d  
i n  F i g .  I  Va and th e  uavenumbers a re  l i s t e d  i n  T ab le  4 .1  where 
t h e y  a re  compared w i t h  th o s e  o b t a i n e d  i n  th e  e a r l i e r  s t u d i e s .  The
C2)a s s ig n m e n ts  a re  t a k e n  f rom B e a t t i e ' s  s t u d y  and th e  r e s u l t s  f rom
t h i s  agree  w e l l  w i t h  th o s e  o b t a i n e d  e a r l i e r  e x c e p t  i n  th e  case o f
O g .  Baum gar tner  e t  a l  a s s i g n e d t o  a weak band a t  153cm ;
(2)
B e a t t i e  o b s e rv e d  no band h e re  b u t  a c c e p te d  these  f i n d i n g s  % I n
t h e  p r e s e n t  work  no e v id e n c e  was fo un d  f o r  a band i n  t h a t  r e g i o n
-1
o f  th e  sp ec t r um  b u t  a weak f e a t u r e  was o bs e rv ed  a t  219cm and 
was th u s  a s s ig n e d  t o v ) ^ .  Hence t h e r e  i s  agreemen t  w i t h  p r e v i o u s
v i b r a t i o n a l  s p e c t r a  t h a t  t h e  f o r m u l a t i o n  f o r  s o l i d  m e t h y l t e t r a c h l o r o -
+  — 3 1 3pho sph oran e  i s  MePCl^ Cl  , a f a c t  c o n f i r m e d  by i n d e p e n d e n t  P NMR
and ^ ^ C l  NQR s t u d i e s ^ ^ * ^ ]  However ,  an i n t e r e s t i n g  o b s e r v a t i o n  was
made d u r i n g  co m p a r i s on  o f  t he  Raman s p e c t r a  o f  s e v e r a l  M e P C l^ /C l ^
r e a c t i o n  p r o d u c t s .  I n  some cases t h e \ )  ^ ( a ^ )  s y m m e t r i c  P -C l  s t r e t c h
- 1  -1a t  477cm had a h i g h  f r e q u e n c y  s h o u l d e r  a t  484cm . A s i m i l a r
s h o u l d e r  was o b s e rv e d  i n  th e s e  cases on t h e O ^ ( e )  a n t i s y m m e t r i c  
P - C l  s t r e t c h ,  and a s l i g h t  h i g h  f r e q u e n c y  s h i f t  ( 2 7 3 — »275cm ^ ) and 
i n c r e a s e  i n  i n t e n s i t y  o f  t h e V ^ ( s )  M e-P-C l  d e f o r m a t i o n  was a l s o  
n o t e d .  A n a l y s i s  o f  such p r o d u c t s  was i n  a c c o rd  w i t h  th e  MePCl^^Cl  
f o r m u l a t i o n  and,  on pumping,  th es e  f e a t u r e s  were l o s t  and the  
s t a n d a r d  Raman spec t r um  as i l l u s t r a t e d  i n  F i g .  I Va rem a in ed .
S i m i l a r  b e h a v i o u r  was o b s e rv e d  t o  a g r e a t e r  e x t e n t  i n  t h e  Me^PCl /
C l ^  sys tem and a more d e t a i l e d  d i s c u s s i o n  i s  g i v e n  i n  S e c t i o n
4 . 2 . a.
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l ^ e t h y l t e t r a b r o m o p h o s p h o r a n e  has n o t  p r e v i o u s l y  been c h a r a ­
c t e r i z e d  by Raman s p e c t r o s c o p y  though  a p r e p a r a t i o n  was r e p o r t e d
A
D e n g T h e  Raman sp ec t r um  o b t a i n e d  f o r  t h i s  compound i s  p r e ­
s e n t e d  i n  F i g ,  IWb and th e  wavenumbers a re  l i s t e d  i n  Tab le  4 . 2 .
The a s s ig nm e n t  i s  based on an i o n i c  f o r m u l a t i o n  MePBr^^Sr  by
+ —
co m p a r i s o n  w i t h  d a t a  a v a i l a b l e  f rom  t h e  ana lo go u s  MePCl^ Cl  and 
th e  i s o e l e c t r o n i c  M eS iB r^ .  (The wavenumbers and as s ig nm e n ts  o f  
t h e  f o l l o w i n g  s i l i c o n  compounds a re  p r e s e n t e d  i n  Tab le  4 .3  
M eS iC lg ,  M e ^ S iC l ^ ,  M e ^ S iC l ,  M eS iB r^ ,  MegSiBrg  and M e ^ S i B r M  
Bands a t  140 (m) 225 ( s )  and 490 (w,  s h ) a lm o s t  c e r t a i n l y  (by  
c o m p a r i s on  w i t h  an a u t h e n t i c  samp le )  a r i s e  f r om  PBr^  p r e s e n t  as
( j )
an i m p u r i t y  . T h i s  c o u l d  have been fo rmed i f  r e s i d u a l  PBr^ was 
p r e s e n t  a f t e r  t h e  p r e p a r a t i o n  o f  MePBr^ and th e  bands wou ld  be 
r e l a t i v e l y  i n t e n s e  as PBr^"*" wou ld  be e x p e c te d  to  be a s t r o n g e r  
s c a t t e r e r  t h an  MePBr^^.
I n  te rm s o f  th e  c a t i o n i c  s t r e t c h i n g  f r e q u e n c y  s h i f t  p a t t e r n s  
d i s c u s s e d  p r e v i o u s l y  i n  C ha p te r  3 . 1 ,  MePCl^ C l  and f lePBr^ Br
+ —
a re  o b v i o u s l y  s i n g l e  h a l i d e  a n io n  compounds a na lo gous  to  PBr^ 3r  . 
I f  th e  t r e n d s  o b s e rv e d  t h e r e  a p p l y  to  t h i s  s y s te m ,  r e p la c e m e n t  o f  
X"" w i t h  a p o l y a t o m i c  a n io n  s h o u ld  p ro duce  some c h a r a c t e r i s t i c  
h i g h  f r e q u e n c y  s h i f t s  i n  t he  MePX^^ s p e c t r a .  T ab les  4 . 4  and 4 .5  
p r e s e n t  Raman wavenumbers f o r  some comp lexes o f  MePCl^ and PlePBr^'  
w i t h  Lewis  a c i d s .  The Raman s p e c t r a  o f  MePCl BCl and MePBr^* 
BBr^~ are  i l l u s t r a t e d  i n  F i g s .  IVc  and IVd to  show more c l e a r l y  
th e  changes i n  f r e q u e n c y  o f  th e  c a t i o n  modes t h a t  have o c c u r r e d  
on c o m p l e x a t i o n .  For  MePCl^^ t h e r e  i s  a change o f  +19 wavenumbers
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table : 4 .2
RAMAN UAVENUMBERS/cm" FOR THE COMPOUND MePBr^^Br '
l i iavenumber/cm ^ Ass ig nm en t
761 (w)  - ^ ( a ^ ) n f ( P - M e )
321 ( s )  ' T f j C a ^ l ' ^ C P - S r )
179 ( s )  - ^ ( a ^ )  S '  ( P B r ^ )
475 ( s )  n r j ( e ) n r ^ ( P - 0 r )
196 (m) ^  ( M e -P -8 r )
126 (m) ' \ r ^ ( e )  ^  ( B r - P - B r )
141 (m) )
225 ( s )  j P B r^ *  i m p u r i t i e s
490 ( u / s h )  )
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TABLE 4 . 4  
- 1RAMAN 'oJAUENUMBERS/cm” ^ OF SOME MePCl 
DERIVATIVES WITH LEWIS ACIDS
M eP C l^^BC i^ " Ass ignment MePCl^^SbCl^ Ass ig nm en t
799 (w) g  (a  ) MePCl ^ too  ueak to^ 1 1 o o b s e rv e
496 ( s ) V  2 ( s i )  M eP C l ] * 493 (m /u ) V  2 ( e p  M eP C l ] *
265 (m) 0 ] ( a ^ )  M eP Cl ] * 267 (w) ^ ] ( a ^ )  M eP C l ] *
629 (w) M eP C l ] * 625 ( u ) Ç  ^ ( e )  M eP C l ] *
280 (m) ^ ] ( e )  M eP C l ] * 277 M \ 7 ] ( e )  M eP C l ] *
207 (w) ^ g ( e )  M eP Cl ] * 204 (uj) 0  g ( e )  M eP C l ] *
*193  ( m / s ) 0 2 ( e )  B C l ^ - +170 ( m / u ) s ( t 2g )  S b C le "
*273  (m) V / t g )  BCI4- +289 (m /u ) ^ 2 ( ^ 9 ) S b C lg -
*409  (m) O ^ ( a ^ )  BCI4- +333 ( v / s ) O ^ ( a ^ )  S b C lg -
*  and + = a n i o n  bands
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TABLE 4 . 5
RAMAN LAVENUMBERS/cm ^ OF SOME MePBr
DERIVATIVES WITH LEWIS ACIDS
15S
MeP Br^^BB r^ " Ass ig nm en t M e P B r ] * A l B r ^ ” Ass ig nm en t
767 ( u ) Q (^ a ^ ) MePBr^* 766 ( u ) 0 ^ (^1 ) MePBr ] *
340 ( s ) V 2( 81 ) MePBr^*
182 ( s ) 0  3 ( 3 ^ )  MeP Br ] * 182 ( s ) 0 3( ^1 ) MePBr ] *
487 (m, b r ) ^ ( e )  MePBr^* *481 ( u ,  b r ) 0 4 (3 ) MeP Br ] *
219 (m) ^  5 ( e )  MeP Br ] * 216 (m) 0 5 ( e ) M e P B r ] " ’’
128 (m) \7 g ( e )  MePBr^* 127 (m /s ) 0 6 ( e ) MeP Br ] *
+119 ( u ) 0 2 ( e )  B 3 r ^ ' o115 ( u / s h ) 0 4 ( ^ 2 ) A l B r ^ "
+172 ( s h ) o209 ( u / s h ) 0 l ( a i ) A l B r ^ -
+247 (m /u ) 0  i ( e O o395 ( u ) 0 3 ( ^ 2 ) A l B r ^ -
+608 ( v u / b r ) 0  ] ( t 2 ) B B r^ -
+ and o = An ion  bands ^  ueak -  sample  decomposing i n  
l a s e r  beam
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( 4 9 5 - 4 7 7 )  i n  t h e  \ ) ^ ( )  s y m m e t r i c  P -C l  s t r e t c h i n g  mode on p a s s i n g  
f r o m  t h e  s i n g l e  h a l i d e  " p a r e n t "  compound to  th e  t e t r a c h l o r b o r a t e .
T h i s  a n i o n  was c o n f i r m e d  by bands a t  193, 273 and 409 cm~^ w h ic h
/  g \
were i n  good agreemen t  w i t h  l i t e r a t u r e  v a lu e s  ^ a n d  th o s e  o b t a i n e d
f r om  a t e s t  compound Et^N BCl^  d u r i n g  t h e  p r e s e n t  w o rk .  (The
V ] ( ^ 2 ) mode o f  BCl^  a t  ^  670 cm~^ was to o  weak to  o b s e rv e  i n
MePClg BCl^  ) .  O th e r  c a t i o n i c  bands were s h i f t e d  i n  s i m i l a r  ways
to  t h o s e  r e p o r t e d  f o r  t h e  PCl^  and PBr^  sys tems and th e  same t r e n d s
were  o b s e rv e d  f o r  M eP Cl „ *Sb C l^  where bands a t  170,  289 and 331 cm ^4 fa
(_9 1
were i n d i c a t i v e  o f  th e  h e x a c h l o r o a n t i m o n a t e  a n io n  '  ' . The p r o d u c t
f r o m  t h e  r e a c t i o n  o f  MePCl^ and A l C l ^  f l u o r e s c e d  c o n s i d e r a b l y  d u r i n g  
t h e  r e c o r d i n g  o f  i t ’ s Raman s p ec t r um  so no d e t a i l e d  o b s e r v a t i o n s  
were  p o s s i b l e ,  t hough  th e  s t r u c t u r e  M e P C l ^ ^ A l C l ^ "  has been p r e v i o u s l y  
c o n f i r m e d  by ^"'p NMR and ^ “^ Cl  NQR s p e c t r o s c o p y ^ ^ t  The V  2 ( 3  ^ ) P -C l  
s y m m e t r i c  s t r e t c h  o f  th e  c a t i o n  wou ld  be e x p e c te d  to  f a l l  i n  th e  
495 cm"^ r e g i o n  i f  th e  t r e n d s  d i s c u s s e d  e a r l i e r  a re  f o l l o w e d .
S i m i l a r  t r e n d s  a re  o b s e rv e d  f o r  t h e  MePBr^ c a t i o n ;  a l t h o u g h  
t h e  Raman s p e c t r a  were o f  l o w e r  q u a l i t y  t han  t h o s e  o f  t he  c h l c r o  
a n a lo g u e s .  A g a in ,  t h e \ ^ 2 ( 3 ^ )  mode ( P - B r  s y m m e t r i c  s t r e t c h )  i s  
a f f e c t e d  most by t he  change i n  n a t u r e  o f  th e  a n i o n ,  s h i f t i n g  f rom 
321 cm~^ i n  t h e  case o f  MePBr^^Br  t o  a b o u t  340 cm ^ i n  complexes 
w i t h  Lew is  a c i d s .  The Raman s p ec t r um  o f  MePBr] BBr^ shows the  
y j  ^ ( a ^ ) c a t i o n  mode to  be s p l i t  i n t o  two components  and th e  a n t i -  
s y m m e t r i c v ) ^ ( e )  mode to  be r a t h e r  b r o a d ,  a l t h o u g h  a n a l y s i s  i n d i c a t e s  
MePBBr^ t o  be a r e a s o n a b l e  s t o i c h i o m e t r y .  The BBr^~ a n io n  i s  c o n -
160
f i r m e d  by bands a t  119, 172, 247 and 508 cm“ ^ Thus, t h e
o b s e rv e d  e f f e c t s  a re  p o s s i b l y  o f  c r y s t a l l o g r a p h i c  o r i g i n .  
T h e ^ ^C a .^ )  c a t i o n  mode i n  M e P B r^^A lB r^  , a l t h o u g h  s h i f t e d  t o
-im f h a f  i n  maPR-r^a h i g h e r  f r e q u e n c y  by a b o u t  20 cm ^ f r om  t t  i  M eP Br „*B r~ ,
-  does n o t  e x h i b i t  t h i s  s p l i t t i n g ,  though  the
Raman sp ec t r um  o b t a i n e d  was p o o r  ow ing t o  sample  d e c c m p o s t i o n .
The t e t r a b r o m o a l u m i n a t e  bands o b s e rv e d  compare f a v o u r a b l y  w i t h  
(1 1).l i t e r a t u r e  v a l u e s
Thus, f o r  b o t h  MePCl^* and MePOr^* ,  t h e r e  a re  two s e t s  o f  
Raman f u n d a m e n t a l s  depende nt  upon t h e  n a t u r e  o f  t h e  a s s o c i a t e d  
a n i o n  and a re  compared i n  T a b le  4 , 6 .  As i n  t h e  PCl^  (Phase I I ) 
and FBr^  s y s te m s ,  s u b s t i t u t i o n  o f  a p o l y a t o m i c  a n io n  f o r  a s i n g l e  
h a l i d e  a n io n  ( a c c o m p l i s h e d  by r e a c t i o n  w i t h  a Lewis  a c i d )  causes 
c h a r a c t e r i s t i c  h i g h  f r e q u e n c y  s h i f t s  i n  some o f  the  c a t i o n i c  mode 
i m p l y i n g  a s t r e n g t h e n i n g  o f  t h e  P -H a l  ban ds .  U n f o r t u n a t e l y  no 
c r y s t a l l o g r a p h i c  e v id e n c e  i s  a v a i l a b l e  t o  c o n f i r m  w h e th e r  the
s i n g l e  h a l i d e  i o n s  i n t e r a c t  s i g n i f i c a n t l y  w i t h  th e  c a t i o n i c
+  —  +  —
l i g a n d s  as i s  th e  case w i t h  PBr^  Br and PBr^  Br^  b u t  some
i n t e r a t i o n  i s  i m p l i e d  f r om  t h e  Raman d a t a .  The deg ree  o f  such
i n t e r a c t i o n  i s  n o t  g r e a t  enough to  p e r t u r b  th e  symmetry o f  th e  
c a t i o n  as no new Raman bancs app ea r  i n  th e  s p e c t r a ,  hence the  
b e h a v i o u r  o b s e rv e d  i s  s i m i l a r  i n  e v e r y  way to  t h a t  o bs e rv ed  i n  
th e  PCl^  and PBr^  sy s te m s .  I t  i s  i n t e r e s t i n g  to  n o te  here  t h a t  
Deng r e c o rd e d  th e  i n f r a - r e d  s p e c t r a  o f  M ePCl^^C l "  and some
o f  i t s  s a l t s  and ,  a l t h o u g h  no a s s ig n m e n ts  were made, h i g h  
f r e q u e n c y  s h i f t s  i n  some bands upon r e a c t i o n  w i t h  Lewis 
a c i d s  a re  a p p a r e n t .  I n  p a r t i c u l a r ,  bandj  a t
TABLE 4 .6
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COMPARISON OF THE RAMAN WAVENUMBERS/cm ^ OF THE
MePCl^ AND MePBr^ CATIONS IN THE PRESENCE OF SINGLE
HALIDE AND POLYATOMIC ANIONS
MePCl, Ass ig nm en t MePBr.
S i n g l e  H a l i d e  P o l y a t o m i c
795 799 (P-Me) 761 766
477 496 S Z z f a i ^ O s  (P -X ) 321 340
248 265 0 3 ( ^ 1  (P%3 ) 178 182
614 629 ^ 4 ( * ) \ ) a s  ( P -X ) 475 487
273 280 \ ) g ( e ) 5 "  (Me-P-X) 196 216
219 207 ( X -P -X ) 126 127
S i n g l e  H a l i d e  P o l y a t o m i c
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6 G6 and 480 cm ^ i n  th e  MePCl^ C l  s p e c t r u m  s h i f t e d  to  ^  620 and 
- 1
490 cm r e s p e c t i v e l y  upon c o m p l e x a t i o n  w i t h  S b C l^ .  These a re  
p r o b a b l y  t h e  \ )  ^ ( e )  \5  ^ ^ ( P - C l )  and 0  ^ ( a ^ ) ^ ( P - C l )  modes o f
t h e  MePCl^ c a t i o n  and s i m i l a r  b e h a v i o u r  i n  t h e  Raman s p e c t r a  has 
a l r e a d y  been d i s c u s s e d  e a r l i e r  i n  t h i s  s e c t i o n ,  Deng b r i e f l y  r e ­
p o r t e d  t h e  Raman s p e c t r a  o f  some M e P C l^ ^ C l "  d e r i v a t i v e s  and th e  
c h a r a c t e r i s t i c  h i g h  f r e q u e n c y  s h i f t s  were o b s e rv e d  a l t h o u g h  t h e y  
were s l i g h t l y  l e s s  t h a n  t h o s e  r e p o r t e d  i n  t h i s  s t u d y ^ ^ ,
4 . 1 , b  The MePCl2/ B r 2 R e a c t i o n
T h i s  r e a c t i o n  was i n v e s t i g a t e d  by D e n g ^  who r e p o r t e d  o b t a i n i n g
3 l
a s o l i d  f o r m u l a t e d  as "MePCl2B r 2 "  w h ic h  was shown by P NMR 
s p e c t r o s c o p y  to  c o n t a i n  a m i x t u r e  o f  th e  MePC1^ 8 r ] _ ^ *  c a t i o n s .
These mixed h a l i d e  c a t i o n s  have n o t  p r e v i o u s l y  been s t u d i e d  by 
Raman s p e c t r o s c o p y  and t h i s  work  compares  them w i t h  t h e  e x t e n s i v e l y  
i n v e s t i g a t e d  P C l^ B r^  ^  *  sys tem S e v e r a l  MePCl2/ 3 r 2 r e ­
a c t i o n s  i n  CH^Cl^ were p e r f o r m e d  and a t y p i c a l  Raman s p e c t ru m  i s  
i l l u s t r a t e d  i n  F i g .  IVe ( R . 4 ) .  T h i s  sp ec t r um  i s ,  n o t  s u r p r i s i n g l y ,  
q u i t e  complex  as t h e r e  may be up to  f o u r  c a t i o n s  p r e s e n t  i f  no Me 
g ro up  s c r a m b l i n g  has o c c u r r e d .  A ss ig nm en ts  were a id e d  by c o n s i d e r a ­
t i o n  o f  many p r o d u c t s  i n v o l v i n g  d i f f e r e n t  r e a c t a n t  r a t i o s .  I f  a l l
4 MePCl B r , *  c a t i o n s  a re  p r e s e n t  i n  t h e  m i x t u r e s  a t o t a l  o f  30
n 4 -n
Raman a c t i v e  bands may be p r e d i c t e d  by symmetry  a rg u m e n ts .  These 
a r i s e  as f o l l o w s : -  The i o n s  MePCl^* and MePOr^* a re  o f  C ^ ^
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sy m m e t r y ,  each h a v in g  th e  f o l l o w i n g  v i b r a t i o n a l  r e p r e s e n t a t i o n ,
f v i b  °  ( I R ,  R) + 3e ( I R ,  R)
However  th e  mixed h a l i d e  c a t i o n s  MePCl^Br*  and r ie P C lB r^ ’*’ b e lon g  
to  th e  p o i n t  g roup  w h ich  g i v e s  r i s e  to  the  r e p r e s e n t a t i o n  
r „ i b  = 6a ( I R ,  R) + 3a ( I R ,  R)
As th e  s p e c t r a  o f  MePCl^* and MePBr^* a re  a l r e a d y  known 
( T a b l e  4 , 5 )  th e s e  bands may i n  p r i n c i p l e  be " s u b t r a c t e d ”  f rom  
t h e  sp e c t ru m  o f  a m i x t u r e  o f  c a t i o n s  and t h e  r e m a i n i n g  bands 
a s s ig n e d  to  th e  mixed h a l i d e  s p e c i e s .  P r a c t i c a l l y  t h i s  i s  n o t  so 
s i m p l e ,  e s p e c i a l l y  i n  t h e  low f r e q u e n c y  r e g i o n  o f  th e  sp ec t r um  
(100 t o  300 cm ^ ) where t h e r e  a re  many o v e r l a p p i n g  ban ds .  However 
a s s ig n m e n t  o f  t h e  p r i n c i p a l  s t r e t c h i n g  modes i s  q u i t e  s t r a i g h t  
f o r w a r d  as t h e y  o c c u r  i n  t h e  l e s s  c rowded h i g h e r  f r e q u e n c y  r e g i o n  
o f  t h e  s p e c t r u m .  A l s o ,  c o n s i d e r a t i o n  o f  t h e  f l u c t u a t i n g  i n t e n s i t i e s
o f  bands i n  t h e  100 to  300 c m ' ^ w i t h  v a r i a t i o n  i n  r e a c t a n t  r a t i o
+
p e r m i t t e d  t he  a s s o c i a t i o n  o f  p a r t i c u l a r  bands w i t h  t h e  HePCl^Br  
and nePClBr^'* '  i o n s .  Thus i t  was p o s s i b l e  t o  make a s s ig n m e n ts  f o r  
t h e s e  mixed h a l i d e  c a t i o n s ,  a l t h o u g h  i t  s h o u ld  be emphas ised t h a t  
th e  low  f r e q u e n c y  a s s ig nm e n ts  a re  r a t h e r  t e n t a t i v e  because o f  the  
l a c k  o f  p o l a r i z a t i o n  d a ta  and t h e  i n a b i l i t y  t o  o b t a i n  e i t h e r  i o n  i n  
a p u re  f o r m .  A lso  no d a t a  c o u l d  be foun d  on i s o e l e c t r o n i c  mixed 
h a l i d e  s p e c i e s  t o  a i d  a s s ig n m e n t .  I n  T ab le  4 , 7 ,  g e n e r a l  a s s ig n m e n ts  
f o r  t h e  r iePClBr^'* '  and flePCl^Br"*" c a t i o n s  a re  p re s e n t e d  and i n  Tab le
TABLE 4 .7
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ASSIGNMENTS OF THE RAMAN WAVENUM9ERS/cm OF THE
M ePCl^Br *  AND MePClBr^*  CATIONS IN THE PRESENCE OF
A SINGLE HALIDE ANION
A ss ig nm en t  ^ MePClBr^"^ Ass ig nm en t
785 0 i ( a ' ) 0  (P-Me) 773 V  / a ' )  v )  (F-Me)
501 y , ( a " ) - 0 a 3  ( P C I ; ) 574 V  2 ( a ' )  \ )  ( P - C l )
554 ^ 2 ( 3 ' )  0  g (P C lg ) 482 V y ( a "  )0 as (PBr2 )
395 V 3 ( 3 ' )  0  ( P - B r ) 355 \ ? 3 ( a p  0  3 ( P B r j )
255 0 ^ ( a ' ) 6 L l  ( P C l ^ ) 214 (P B r2 )
248 V>5 ( a ' ) X  ( P C I ; ) 173 0 5 ( 3 '  ) § "  ( P B r 2 )
232 O g ( a ' ) ^  (M e -P -B r ) 153 (? ) 0 ^ ( a ' ' ) 5 "  ( M e -P -C l )
220 v>a(a"  ) Y  ( P C l ^ ) 142 ( P B r 2 )
185 \ ) g ( a "  X  ( M e -P -B r )  
o r
/ *  (pciz)
129 ( ? ) \ ) g ( a "  )< r  ( M e -P -C l )  
o r
f  ( P S r^ )
D e s c r i p t i o n  o f  modes based on th o s e  l i s t e d  i n  
and Raman S p e c t r a "  by S. D. Ross, M c G r a w - H i l l ,
" I n o r g a n i c  I n f r a - r e d
1972I
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TABLE 4 .8
ASSIGNMENTS OF RAMAN ’aJAUENUMBERS/cm"^ OF A TYPICAL 
M e P C l^ /B r ^  REACTION PRODUCT (R4, F IG.  IV e )
j j 'avenumbers/cm ^ ^ F i g .  I  Ve (R4)  Ass ig nm en t
795 (w) \ ) ^ ( a ^ ) M e P C l 2 +
786 (w) v)  i ( a ' )  n e P C l ^ B r *
773 (Ui) 0 , i a ' ) MePClBr2*
752 (w) \ ) l ( a p MePBr^*
513 (w/m) 0 ^ ( e ) MePCl^*
500 (w/m) ) MePCi^Br"
573 (ui /m) y p g f a ' ) MePClBr^
554 (m) V  2 ( 3 ' ) MePCl^Br '
482 (m) v L X a * ) MePClBr^ '
477 ( m / s h ) MePBr^*
473 ( s ) ^ 2 ( 3 , ) MePCi^*
395 ( v s ) O j C a ' ) MePCi^Br
355 ( v s ) ^  3 ( 3 ' ) MePClBrg
320 ( m / s ) v7 2 ( 3 , ) MePBr^^
274 (w) 0  ^ ( e ) MePCl^^
255 ( w/ m) V  4 ( 3 ' ) MePCl^Br
248 ( m /s ) ^ 5 ( 3 ' ) MePCl^Br
TABLE 4 . 8  CONT'D
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— 1cm F i q .  IWe (R4) Ass ig nm en t
233 (m / s ) MePCl^Br*
219 ( v s ) MePCl^Br"^
214 ( v s ) 0  4 ( 3 ' ) MePClBr^*
209 (u j / sh ) V  g ( e ) MePCl^* ( ? )
198 ( w / s h ) 0 5 ( a ) MePBr^*
184 ( m /s ) 0 ^ { ^ "  ) MePCl^Br '^
180 (m /s h ) ^ 3 ( 3 1 ) MePBr^^
172 (m) 0  5 ( 3 ' ) MePClBr^'^
154 ( w / s h ) 0  5 ( 3 ' ) MePClBr^"^
142 (m /s ) V ) e ( a " ) MePClBr^*
130 (m) O g ( a "  ) MePClBr^"^
125 ( w / s h ) O g ( e ) MePBr^*
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4 ,8  t h e  c o m p le te  a s s ig nm e n t  o f  th e  M e P C l^ /8 r ^  r e a c t i o n  p r o d u c t
s p e c t r u m  ( F i g .  I V e )  i s  shown. As w i t h  t h e  PCI B r , sys tems i t
n 4 -n  ^
i s  t h e  s y m m e t r i c  P -B r  s t r e t c h e s  t h a t  a l l o w  e a s i e s t  i d e n t i f i c a t i o n
o f  t h e  MePBr^ , MePBrgCl and MePBrCl^"*” c a t i o n s  w i t h  r e l a t i v e l y
s t r o n g  bands a t  320,  355 and 395 cm ^ r e s p e c t i v e l y .  The f r e q u e n c i e s
l i s t e d  i n  T ab le  4 .8  a re  f o r  t h e  MePCl Br_ c a t i o n s  i n  t he  p r e -n 3 -n
sence o f  s i n g l e  h a l i d e  i o n s  ( i e  Cl  a n d / o r  Br ) .  R e a c t i o n s  o f
M e P C l^ /S r ^  p r o d u c t s  w i t h  Lew is  A c id s  wou ld  be e x pe c ted  to  cause
c h a r a c t e r i s t i c  s h i f t s  i n  t h e  Raman s p e c t r a  o f  t h e  c a t i o n s  p r e s e n t
as t h e y  become a s s o c i a t e d  w i t h  p o l y a t o m i c  a n i o n s .  T h i s  e f f e c t  was
s u b s e q u e n t l y  o b s e rv e d  a n d F i g .  IV p  shows th e  Raman spec t r um  o f  a
MePCl2/ B r 2 p r o d u c t  r e a c t e d  w i t h  an exc ess  o f  B C l ^ .  The m u l t i t u d e
- 1
o f  bands i n  th e  100 t o  300 cm a re a  make i t  hard  t o  d e f i n e  w h e th e r
any s h i f t s  i n  f r e q u e n c y  have o c c u r r e d  when compared w i t h  th os e  i n
th e  o r i g i n a l  MePCl2/ B r 2 p r o d u c t .  However,  t h e  P -B r  s y m m e t r ic
s t r e t c h e s  a re  s i g n i f i c a n t l y  a f f e c t e d  w i t h  i n c r e a s e s  i n  f r e q u e n c y
- 1
o f  th e  o r d e r  o f  20 cm and t h i s  i s  i n  a c c o r d  w i t h  r e s u l t s  o bs e rv ed  
f o r  t h e  p a r e n t  MePCl^ and MePBr^ s y s te m s .  The new p o s i t i o n s  o f  
2 ( a / )  f o r  t h e  MePCl2Br^  and MePClBr2^ c a t i o n s  a re  420 and 375 
cm~^ r e s p e c t i v e l y .  T h i s  s h i f t  i s  v e r y  a p p a r e n t  i n  F i g .  I VF where 
t h e r e  a re  t r a c e s  o f  t he  o r i g i n a l  MePCl^Br2_ ^ *  c a t i o n s  a s s o c i a t e d  
w i t h  s i n g l e  h a l i d e  a n io n s  th ou gh  t h e y  t oo  have been s h i f t e d  s l i g h t l y ,  
The p re sen ce  o f  301 ^ "  as t h e  a n io n  was c o n f i r m e d  by a s h o u l d e r  a t  
405 cmT^ and bands a t  280 and 191 cm"^^^)  and s o l i d  s t a t e  “ b NMR
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s p e c t r o s c o p y .  Such M e P C l^ /  B r^  p r o d u c t s  r e a c t e d  w i t h  SbCl^ to
p ro d u c e  c a t i o n s  w i t h  Raman bands s o l e l y  i n  th e  p o l y a t o m i c  p o s i t i o n
though  t h e y  were dwa r f ed  by t he  v e r y  i n t e n s e  SbCl^ v i b r a t i o n s  a t
3 33 ,  290 and 172 cm ^ i n  good agreement  w i t h  l i t e r a t u r e  v a l u e s ^
However ,  a r e a c t i o n  o f  M e P C l ^ / B r ^ / B B r^  p ro du ced  p r e d o m i n a n t l y
MePBr^^ w i t h  o n l y  t r a c e s  o f  HePBr^Cl '* ’ and HePBrCl^'* '  w i t h  v i b r a t i o n s
c o r r e s p o n d i n g  to  the  p o l y a t o m i c  a n io n  p o s i t i o n s  w i t h  th e  p r i n c i p a l
s t r e t c h i n g  modes o c c u r r i n g  a t  338 ,  375 and 419 cm~^. The p re se nce
o f  th e  BBr^  a n io n  was i n f e r r e d  by Raman bands a t  510,  244, 153 and
118 cm ^ w h ich  agree w e l l  w i t h  C r e i g h t o n s '  o b s e r v a t i o n s ^ ^
S e v e r a l  u n s u c c e s s f u l  a t t e m p t s  were made to  p r e p a r e  MePBr^ by
4
t h e  r e p e a t e d  b r o m i n a t i o n  o f  a MePCl2/ B r 2 r e a c t i o n  p r o d u c t  and the  
Raman s p ec t r um  o f  a t y p i c a l  p r o d u c t  i s  shown i n  F i g .  I V g .  A l l  p r o ­
d u c t s  o b t a i n e d  by t h i s  method were r a t h e r  u n s t a b l e  deep red  s o l i d s  
t h a t  l i b e r a t e d  f r e e  b romin e  on s t a n d i n g .  E x a m in a t i o n  o f  th e  sp ec t r um  
shows t h a t  t he  MePCl^Br2_ ^ ^  c a t i o n s  a re  p r e s e n t ,  a f a c t  c o n f i r m e d  
by th e  f o l l o w i n g  bands:  332 cm ^ (MePSr^ ) ,  358 cm ^ (MeP3 r 2Cl ) ,
410 cm” ^ (MePBrCl2^ )  and 484 cm ^ (M e P C l^ ^ ) .  The n a t u r e  o"  ^ the
- I
a n io n  i s  i n d i c a t e d  by th e  e x t r e m e l y  i n t e n s e  band a t  158 cm t h a t
Cl ^i s  c h a r a c t e r i s t i c  o f  a s y m m e t r ic  t r i b r o m i d e  i o n  . T ab le  4 .9  
o f f e r s  a c o m par i son  between th e  f r e q u e n c y  o f  th e  p r i n c i p a l  c a t i o n i c  
p h o s p h o r u s / h a l o g e n  s t r e t c h e s  o b t a i n e d  i n  t h i s  p r e p a r a t i o n  and a l s o  
where th e  a n io n  was s i n g l e  h a l i d e  o r  p o l y a t o m i c .  An i n c r e a s e  i n  
f r e q u e n c y  o f  th ese  s t r e t c h e s  i s  obs e rv e d  on p a s s in g  f rom a s i n g l e
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TABLE 4 . 9
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FLUCTUATION OF SOME MePCl Br RAMAN
 n 3—n________
FREQUENCIES WITH ANION TYPE
MePBr^*
M eP Br^C l*  (^ (^a')) 
MePBrCl^* (V^ (a')) 
MePCi^* (V^ (a^ )
S i n g l e  H a l i d e P o l y h a l i d e P o l y a t o m ic
x“
X 3 ' 8X4'
321 332 340
356 368 376
396 410 420
477 484 496
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h a l i d e  a n i o n  t o  a p o l y a t o m i c  a n i o n  v i a  a p o l y h a l i d e  a n i o n .  T h i s  
i s  s i m i l a r  t o  t h e  t r e n d s  o b s e rv e d  i n  th e  P B r ^ *  and P C l ^ *  sys tems  
and u n d o u b t e d l y  a r i s e s  f r om  th e  f a c t  t h a t  t h e  s m a l l e r  s i n g l e  h a l i d e  
a n i o n s  i n t e r a c t  w i t h  t h e  c a t i o n  t o  a g r e a t e r  e x t e n t  t h a n  t h e  p o l y ­
a t o m i c  a n i o n s  w i t h  th e  p o l y h a l i d e  a n i o n s  b e i n g  an i n t e r m e d i a t e  c ase .  
X - r a y  c r y s t a l l o g r a p h i c  d a t a  on t h i s  sys tem wou ld  p ro v e  i n t e r e s t i n g  
as i t  wou ld  d e t e r m i n e  t h e  n a t u r e  o f  th e  a n i o n / c a t i o n  i n t e r a c t i o n  
w h i c h ,  as w i t h  th e  PX^^ s e r i e s ,  does n o t  p e r t u r b  th e  t o t a l  c a t i o n  
s y s te m .
4 . 2  D i m e t h y l h a l o p h o s p h o r a n e s
4 . 2 . a D i m e t h y l t r i c h l o r o p h o s p h o r a n e  and D i m e t h y l t p j b r o m o p h o s p h o r a n e  and
some d e r i v a t i v e s
The o n l y  p r e v i o u s  v i b r a t i o n a l  s p e c t r o s c o p i c  s t u d y  o f  d i m e t h y l -
t r i c h l o r o p h o s p h a r a n e  was r e p o r t e d  by Baum gar tn e r  e t  a l  i n  1954 and
an i o n i c  f o r m u l a t i o n  was i n d i c a t e d  w i t h  the  c a t i o n  e x h i b i t i n g
s y m m e t r y S u c h  a s t r u c t u r e  (M e^PC l^ ^C l  ) was a l s o  deduced f r om
F 3)
s o l i d  s t a t e  NMR and NQR s t u d i e s ^  . The c u r r e n t  Raman s t u d y  p ro duced  
r a t h e r  u n u s u a l  r e s u l t s  and t h e s e  a re  compared w i t h  th ose  o b t a i n e d
by B a um gar tn e r  i n  Tab le  4 . 1 0 .  The two weak modes r e p o r t e d  by
- 1
B a um g ar tn e r  a t  146 and 168 cm were n o t  o b s e r v e d ,  n e i t h e r  was th e  
band a t  364 cm” ^ :  a complex  o f  t h r e e  bands was,  how ever ,  o b s e rv e d
i n  t h e  260-280  cm” ^ r e g i o n  and t h e s e  were a s s ig n e d  to  v a r i o u s  de­
f o r m a t i o n  modes. Ev idence  f r om  s e v e r a l  p r e p a r a t i o n s  i n d i c a t e d  t h a t
3PC1;
+ —
t h e r e  a re  two c l o s e l y  r e l a t e d  fo rm s  o f  Me I Cl  , d e s i g n a t e d  as
/7 4
" A "  and " 8 "  i n  T ab le  4 , 1 0  and i l l u s t r a t e d  i n  F i g ,  I V h .  ( c . f  th e
M e P C l^ / C l ^  s y s t e m ) .  The a s s ig n m e n ts  were made e m p i r i c a l l y  a f t e r
c o m p a r i s o n  w i t h  B r ^ P C l ^  and th e  i s o e l e c t r o n i c  Me2S i C l 2 ( T a b le s
3 , 7  and 4 , 3 ) .  The s p e c t r a  o f  f o rm s  A and B show s l i g h t  d i f f e r e n c e s
i n  f r e q u e n c y  as w e l l  as some i n t e n s i t y  changes i n  th e  260-280  
- 1
cm r e g i o n .  A n a ly s e s  f o r  th e  two fo rm s were c o n s i s t e n t  and i n  
agree ment  w i t h  th e  Me2PClg f o r m u l a t i o n .  Most  p r e p a r a t i o n s  o f  
Me2P C l2 C l  ( u s u a l l y  by th e  c h l o r i n a t i o n  o f  Me2PC l )  p ro du ced  m ix ­
t u r e s  o f  fo rm s  A and B; t h e  Raman s p e c t r a  were c h a r a c t e r i z e d  by 
r a t h e r  b ro ad  bands.  However ,  i n  i t ’ s p u re  f o rm  A was b e s t  i n d e n t i -
f i e d  by t h e  s y m m e t r i c  and a n t i s y m m e t r i c  P - C l  s t r e t c h e s  a t  508 and
-1  -1584 cm w h e re a s ^ f o rm  8 th e s e  modes were s h i f t e d  to  515 and 603 cm
r e s p e c t i v e l y .  E x p e r im e n t s  were  p e r f o r m e d  to  e s t a b l i s h  t h e  r e l a t i v e  
s t a b i l i t i e s  o f  t h e s e  two fo rm s  o f  Me2P C l2^ C l  . When a m i x t u r e  o f  
A and 8 ( i e  a t y p i c a l  p r o d u c t )  was hea te d  to  a b o u t  110°C i t  t r a n s ­
fo rmed  i r r e v e r s i b l y  t o  fo rm  A, a f a c t  most  r e a d i l y  m a n i f e s t e d  by 
t h e  i n c r e a s e  i n  bands a t  508 and 5g4 cm ^ a t  t h e  expense o f  th ose  
a t  515 and 603 cm~^. When fo rm  A o n l y  was h e a t e d ,  no change was 
o b s e rv e d  i n  t h e  Raman sp ec t r um  b u t  when a p u re  sample  o f  Form 8 was 
hea te d  to  60°C u nder  a r u n n i n g  vacuum i t  t r a n s f o r m e d  i r r e v e r s i b l y  to  
Form A. A l s o ,  when a m i x t u r e  o f  t y p e s  A and 8 was h ea te d  t o  80-  
100°C u nd e r  a r u n n i n g  vacuum p u re  A was fo rmed  w h ich  p ro v e d  i n ­
s e n s i t i v e  t o  f u r t h e r  h e a t i n g .  Thus Form A app ea rs  to  be th e  most  
s t a b l e  m o d i f i c a t i o n  o f  Me2P C l2* C l " .  The e x a c t  s t r u c t u r e  o f  th ese
TABLE 4 .1 0
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RAMAN UAVENUMBERS/cm"^ FOR THE COMPOUND Me^PCI^ '^C l "
( a )B a u m g a r tn e r T h i s  Stud y  " A ’ T h i s  St udy "B " As s ignm en t
145
168
214 (m/w) 210 (m/w) O ^ ( a ^ )  ( P C I , )
212
1
228 (w) 230 (m/w) ^ ( a ^ )  t o r s i o n
281 260 ( ? ) ( m / u ,  
268 (m)
283 ( s )
sh )  263 (m, sh ) 
276 ( s )
284 (m, sh )
0 3 ( 3  ^ l^TCPMSg) 
(PMe^)
364
496 508 ( s ) 515 ( s ) 0  2 ( a ^ ) \ > 3 ( P - C l )
580 584 (m) 603 (m/w)
743 749 (m/w) 749 (m/w) ■ J ^ ( a ^ ) \ } 3 (P-<^e)
768 776 (w) 779 (w)
( a )  R. B a u m g a r t n e r , W. Sawodny and 0.  Goubeau; Z. An o rq . A l l g e m . Chem. ,
1964,  3 3 3 , 171.
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Fig IV h Raman spectra of MeiPCli^ Cl 
i)  Type A
ii) Type B
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two fo rm s  i s  n o t  known,  b u t  t h e y  p r o b a b l y  r e s u l t  f r om  s l i g h t l y  
d i f f e r e n t  r e l a t i v e  o r i e n t a t i o n s  o f  t h e  c a t i o n s  and a n i o n s  i n  t h e  
s o l i d .  I n d e e d ,  on t h e  b a s i s  o f  a rg um en ts  used e l s e w h e re  i n  t h i s  
work  t o  d e s c r i b e  t h e  p e r t u r b a t i o n  o f  c a t i o n i c  v i b r a t i o n a l  modes 
by s i n g l e  h a l i d e  a n i o n s ,  i t  may be p o s t u l a t e d  t h a t  i n  Form A th e  
n o n - b o n d i n g  d i s t a n c e  between th e  d i m e t h y l d i c h l o r o p h o s p h o n i u m  
c a t i o n  and th e  c h l o r i d e  a n i o n  i s  s h o r t e r  t h a n  i n  Form 8 . T h i s  
wou ld  a c c o u n t  f o r  t h e  s l i g h t l y  i n c r e a s e d  f r e q u e n c i e s  o f  v i b r a t i o n  
f ound  i n  Form 8 , where  t h e  a n i o n / c a t i o n  i n t e r a c t i o n  i s  l e s s  marked .  
However ,  i t  wou ld  r e q u i r e  X - r a y  c r y s t a l l o g r a p h i c  a n a l y s i s  t o  
p r o p e r l y  d e t e r m i n e  t h e  deg re e  o f  t h e s e  i n t e r a c t i o n s .  I t  s h o u ld
a l s o  be n o te d  t h a t  t h e  p a t t e r n  o f  f r e q u e n c y  s h i f t s  be tween Form A
and Form 8 o f  Fie^PCl^'^ 'cl  d i f f e r s  s l i g h t l y  f r om  t h o s e  o b s e rv e d  p r e ­
v i o u s l y  when a s i n g l e  h a l i d e  a n i o n  i s  r e p l a c e d  by a p o l y a t o m i c  
s p e c i e s .  I n  a l l  o t h e r  cases t h e  s y m m e t r i c  P -H a l  s t r e t c h  i s  most 
s i g n i f i c a n t l y  p e r t u r b e d  b u t  i n  t h i s  sys tem i t  i s  t h e  a n t i s y m m e t r i c  
P - C l  s t r e t c h i n g  f r e q u e n c y  t h a t  s h i f t s  most  ("A" 584—> " 3 "  503 cm ^ ) ,  
D i m e t h y l t r i b r o m o p h o s p h o r a n e  (Me2PBr2^ B r  ) has n o t  been c h a r a ­
c t e r i s e d  by Raman s p e c t r o s c o p y  p r i o r  t o  t h i s  s t u d y ,  Deng r e p o r t e d  
t h e  a t t e m p t e d  p r e p a r a t i o n  o f  t h i s  compound and c h a r a c t e r i s e d  th e  
p r o d u c t  (Me2PB r2 ^ B r 2 ) by ^"*P NMR s p e c t r o s c o p y ^ ^ .  I n  t h i s  s t u d y
Raman s p e c t r o s c o p y  and a n a l y s i s  o f  a p r o d u c t  o b t a i n e o  f r om  th e
b r o m i n a t i o n  o f  Fe2p5 SPPie2 i n d i c a t e d  a m i x t u r e  o f  Me2p B r 2^ 3 r  and 
F ^ 2P3 r 2^ B r 2 , The Raman s p e c t r u m  o f  t h i s  p r o d u c t  i s  p r e s e n t e d  i n
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F i g ,  I  V i  and T a b le  4 ,11  and shows t h e  t e n t a t i v e  a s s ig n m e n t s  made, 
based upon t h e  a s s u m p t i o n  o f  y, c a t i o n i c  symmetry  and by 
c o m p a r i s o n  w i t h  th e  i s o e l e c t r o n i c  A l s o  p r e s e n t e d  i n
T a b le  4 ,1 1  a re  t h e  Raman wavenumbers  o b t a i n e d  f r om  a sample  p r e ­
p a red  by f u r t h e r  b r o m i n a t i o n  o f  t h e  F^_P8 r 2^ ^ ^ " / M e 2PB r2^ 8 r 2 ~
m i x t u r e .  The Raman sp e c t ru m  o f  t h i s  i n d i c a t e d  a p u re  sample  o f  
+ —
Me2PBr2 B r^  b u t  u n f o r t u n a t e l y  no a n a l y s i s  was p e r f o r m e d  t o  c o n f i r m  
t h i s .  I n  b o t h  c a s e s ,  t h e  p re s e n c e  o f  a s y m m e t r i c  t r i b r o m i d e  i o n  ^
was i n d i c a t e d  by t h e  i n t e n s e  Raman mode a t  158 cm ^ ^ ^ ^ ^ a n d  no |
s p e c t r o s c o p i c  e v i d e n c e  was fo u n d  t o  i n d i c a t e  t h e  p re s e n c e  o f  f r e e  
b r o m i n e .
I f  t h e  b e h a v i o u r  o b s e rv e d  i n  t h e  PX^^ and MePX^* (X = C l ,  B r )
sys te ms  i s  c o n t i n u e d  i n  t h e  Me2PX2^ s e r i e s ,  c o m p l e x a t i o n  w i t h
Lew is  a c i d s  w ou ld  l e a d  to  c h a r a c t e r i s t i c  h i g h  f r e q u e n c y  s h i f t s  i n
some o f  t h e  c a t i o n i c  v i b r a t i o n a l  modes. Tab le  4 , 1 2  p r e s e n t s  Raman
wavenumbers  o f  some comp lexes o f  f l e 2P C l2 and n e 2PBr^ w i t h  Lew is
a c i d s  and t h e  Raman s p e c t r a  o f  M e_PC l_^PC l ,  and Me_ PBrn^B Br / "Z Z o Z Z 4
a re  i l l u s t r a t e d  i n  F i g u r e s  I V j  and IVk  r e s p e c t i v e l y .  The a n i o n
modes were  r e a d i l y  a s s i g n e d  i n  b o t h  comp lexes by c o m p a r i s o n  w i t h
t h e  l i t e r a t u r e ^ ^ ' ^ ^ a n d  o t h e r  d a t a  o b t a i n e d  i n  t h e s e  s t u d i e s .  The
\J 2 ( a ^ )  mode i n  f^e2p C l 2"^PClg i s  s h i f t e d  t o  523 cm” ^ as compared
w i t h  t h e  band a t  508 cm s i m i l a r l y  a s s i g n e d  i n  Type A ^ 62^ ^ 12*81 .
+ _
The e q u i v a l e n t  mode i n  Me^PBr2 BBr^  i s  a t  390 cm , a h i g h  f r e -
-1  +  -quency s h i f t  o f  13 cm f r om  t h e  v a l u e  o b t a i n e d  f o r  Me2PB r2 Br  .
A l t h o u g h  t h e ^ 2  ( a ^ )  mode i s  t h e  most  c o n v e n i e n t  f o r  th e  o b s e r v a t i o n
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o f  t h i s  s h i f t  phenomenon , i n  t h i s  sys tem t h e V g  ( b u j  a n t i s y m m e t r i c  
P -H a l  s t r e t c h  i s  most  s i g n i f i c a n t l y  p e r t u r b e d  by t h e  change i n  
a n i o n  w i t h  s h i f t s  o f  a b o u t  20 cm~^ i n  b o t h  t h e  Me_PCl2^ and 
f l e^P Br^  c o m p le x e s ,  A s i m i l a r  p a t t e r n  o f  s h i f t s  was o b s e rv e d  i n  
t h e  complex  r^e2P C l2 SbCl^  a t  519 cm ^ ) b u t  some d e t a i l s  o f
t h e  c a t i o n  v i b r a t i o n s  were r e n d e r e d  u n o b s e r v a b l e  by t h e  r e l a t i v e  
i n t e n s i t y  o f  t h e  t h r e e  Raman a c t i v e  Sb C l^ “  m o d e s ^ ^ * ^ ^ !D
I t  i s  i n t e r e s t i n g  t o  comment upon some r e s u l t s  o b t a i n e d  by
Deng i n  h i s  s t u d y  o f  d i m e t h y l t r i c h l o r o p h o s p h o r a n e  and some d e r i v a -
t i v e s ^ ^ ^  The Raman d a t a  r e p o r t e d  f o r  N e ^ P C l ^ ^ C l ”  has a band a t
515 cm a s s i g n a b l e  t o  t h e  s y m m e t r i c  P - C l  s t r e t c h  and c o n s i s t e n t
w i t h  t h a t  o b s e rv e d  i n  t h e  p r e s e n t  mode f o r  Type " B "  ^ 62^ ^ 12*01 " 
C o m p l e x a t i o n  was p e r f o r m e d  w i t h  Lew is  a c i d s  so as t o  y i e l d  o c t a h e d r a l
o r  s q u a re  p l a n a r  a n i o n s .  The h e x a c h l o r o p h o s p h a t e  caused a h i g h
f r e q u e n c y  s h i f t  o f V ^  ( P - C l )  t o  520 cm” ^ w h ic h  i s  i n  r e a s o n a b l e
ag re emen t  w i t h  t h a t  r e p o r t e d  i n  T a b le  4 . 1 2 ,  However i n  t h e  case
o f  t h e  h e x a c h l o r o a n t i m o n a t e \ / g ( P - C l )  i s  r e p o r t e d  a t  510 cm” ^ ,
f u l l y  11 cm ^ l e s s  t h a n  o b s e rv e d  i n  t h i s  s t u d y  and 5 cm ^ l e s s  t han
th e  e q u i v a l e n t  band i n  t h e  p a r e n t  Me_PCl2^ C l  . When comp lexes w i t h  
p l a n a r
a s q u a r e ^ a n i o n  ( I C l ^  o r  AuC l^  ) were fo rmed  ( P - C l )  was r e p o r t e d  
a t  515 and 514 cm” ^ r e s p e c t i v e l y ,  a g a in  b a r e l y  s h i f t e d  f r om  t h a t  i n  
t h e  p a r e n t  compound. At  f i r s t ,  t h i s  b e h a v i o u r  a ppea rs  to  c o n t r a d i c t  
t h e  s h i f t  p a t t e r n  i d e a s  p r e s e n t e d  i n  t h i s  work  b u t  t h i s  i s  n o t  so .
The c u r r e n t  s t u d i e s  showed t h a t  t h e  (Type " B " )  r e p o r t e d
186
by Deng i s  n o t  t h e  o n l y  m o d i f i c a t i o n  o f  t h i s  s u b s t a n c e  t h a t  e x i s t s  
and t h e  Raman s p e c t r a  ( T a b le  4 , 1 0  and F i g .  I V h )  s u g g e s te d  t h a t  i n  
Type " A "  f l e ^P C l^  C l  t h e  Cl  a n i o n s  i n t e r a c t  w i t h  th e  c a t i o n s  to  
a g r e a t e r  e x t e n t  t h a n  i n  Type " B " .  T h i s  a c c o u n t s  f o r  t h e  d i f f e r e n t  
^ ( P - C l )  fo un d  f o r  t h e  two fo rm s  ( ” A" = 508 cm” ^ ,  " B "  = 5 1 5  cm” ^ )  
and t h u s ,  i f  D eng 's  o b s e r v a t i o n s  a re  based upon Type " A "  Me2p C l 2^ C r "  
t h e r e  i s  a h i g h  f r e q u e n c y  s h i f t  when comp lexes  w i t h  s q ua re  p l a n a r  
a n i o n s  a r e  f o rm e d .  The s h i f t  i s  s m a l l e r  t h a n  t h a t  o b s e rv e d  i n  t h i s  
s t u d y  when o c t a h e d r a l  and t e t r a h e d r a l  a n io n s  were  fo rmed  b u t  t h i s  
i s  n o t  u n r e a s o n a b l e  as g r e a t e r  a n i o n / c a t i o n  i n t e r a c t i o n  may be 
p o s s i b l e  w i t h  a p l a n a r  a n i o n .
4 , 2 . b  The Me2p C l / 8 r 2 R e a c t i o n
C5>T h i s  r e a c t i o n  was i n v e s t i g a t e d  by Deng /  and th e  w h i t e  s o l i d
o b t a i n e d  ( f o r m u l a t e d  as Fle2p C l B r 2 ) was shown by s o l i d  s t a t e  ^^P NF:R
s p e c t r o s c o p y  to  c o n t a i n  t h e  Me2P C l 2^ ,  He2PC13r'*' and ^ 62^ 8^ 2*  c a t i o n s .
The p r o d u c t  o f  t h i s  r e a c t i o n  has n o t  p r e v i o u s l y  been i n v e s t i g a t e d
by Raman s p e c t r o s c o p y  and ,  assum ing  t h a t  no s c r a m b l i n g  o c c u r s  amongst
th e  m e t h y l  g ro up s  a t o t a l  o f  27 Raman a c t i v e  modes may be e x pe c ted
f o r  t h e  t h r e e  Me^PCl Br^  c a t i o n s  ( o i n ^ 2 ) .  These may be p r e d i c t e d  
2 n 2- n  '
i n  the  f o l l o w i n g  manner .  Me2p C l 2^ and Me2p6 r 2_ b o t h  o f  ^2 \ /
symmetry  each h a v i n g  th e  v i b r a t i o n a l  r e p r e s e n t a t i o n : -
H / i b  '  ' ‘ '^1 IR )  + ag (f>) + 2b^ (R ,  IR )  + 2 b ,  (R,  I R )
However  t h e  mixed h a l o g e n c a t i o n  f’1e2pC13r'*' i s  o f  symmetry  and
187
t h i s  p o i n t  g ro up  has th e  f o l l o w i n g  v i b r a t i o n a l  r e p r e s e n t a t i o n ; -  
= Sa'  (R,  IR)  + 3a'^ (R,  IR)
R and IR i n d i c a t e  Raman and i n f r a - r e d  a c t i v i t y  r e s p e c t i v e l y  i n  
b o t h  c a s e s .  A t y p i c a l  Raman s p e c t r u m  o f  a F le^PC l /B r^  r e a c t i o n  
p r o d u c t  i s  i l l u s t r a t e d  i n  F i g .  I V I  (ASM 39)  and i s  f a i r l y  c o m p le x ,  
e s p e c i a l l y  i n  t h e  200-2S0 cm ^ r e g i o n  where  t h e r e  a re  o b v i o u s l y  
s e v e r a l  o v e r l a p p i n g  ban ds .  I n t e r p r e t a t i o n  o f  t h i s  i s  made e a s i e r  
by t h e  f a c t  t h a t  th e  s p e c t r a  o f  Me^PCl^"*" and Me2P8 r 2^  th e  
s i n g l e  h a l i d e  p o s i t i o n s  have a l r e a d y  been a s s ig n e d  ( T a b le s  4 .1 0  
and 4 . 1 1 )  so " s u b t r a c t i o n "  o f  th e  r e l e v a n t  bands f r om  F i g .  IV I  s h o u ld  
y i e l d  t h e  Raman sp e c t ru m  o f  Me2P C l B r ^ X " .
Tab le  4 . 1 3  p r e s e n t s  t h e  deduced a s s ig n m e n t  f o r  t he  M e^ PC lB r*
c a t i o n  i n  th e  p re s e n c e  o f  a s i n g l e  h a l i d e  a n i o n  and T ab le  4 . 1 4
p r o v i d e s  t h e  t o t a l  a s s ig n m e n t  o f  bands f o r  t h e  Me2P C l / B r 2 r e a c t i o n
p r o d u c t  i l l u s t r a t e d  i n  F i g .  I V I .  A l l  t h r e e  Me2P C l ^ B r 2 ( o ^ n ^ )
c a t i o n s  a re  p r e s e n t  i n  t h i s  p r e p a r a t i o n  w i t h  a p redom inance  o f  t h e
+
b r o m i n a t e d  s p e c i e s .  The main  s t r e t c h i n g  modes o f  Me^PClBr  may be 
a s s ig n e d  w i t h  some c o n f i d e n c e ;  y  (P -C )  735 cm Q  ( P - C l )  477 cm ^ 
and V  ( P - B r )  417 cm b u t  t he  d e f o r m a t i o n  modes r e p o r t e d  i n  th e  
200 -230  cm ^ r e g i o n  a re  more t e n t a t i v e .  I n  th e  m i x t u r e  i t  i s  n o t  
p o s s i b l e  t o  a s s i g n  th e  Me2P C l2^ d e f o r m a t i o n s  as t h e y  a re  h id d e n  by 
more i n t e n s e  Me2PC lB r ^  and Me2PBr2 modes. When a Me2P C l / B r 2 
p r o d u c t  was complexed w i t h  b o r o n  t r i c h l o r i d e  th e  c h a r a c t e r i s t i c  h i g h  
f r e q u e n c y  s h i f t s  i n  t h e  c a t i o n i c  P -H a l  s t r e t c h e s  were o b s e rv e d  a lo n g
mt a b l e  4 . 1 3
ASSIGNMENT o r  THE RAMAN SPECTRUM OF THE Me^PClBr"^ 
CATION IN THE PRESENCE OF A SINGLE HALIDE ANION 
Wavenumber /cm A s s ignm en t
775 (w) (P-Me)
735 (w) ( P - M e )
554 (w) V ^ ( a ' )  0 ) (PMe^)
470
1
(m/w)  ! O ^ i a ' )  0 ( P - C l )
417 ( s ) V ^ 3 ( a ' )  0 ( P - B r )
257 (m/w) ( C l - P - B r )( P C g )
255 (m/w) O g ( a ' ) ( C l - P - B r )
232 (m) \ )  g ( a "  )  Y (PMe^)
205 (w) \ )  g (a '  ) 5 " ( P M e  )
^ D e s c r i p t i o n  o f  modes based on t h o s e  l i s t e d  f o r  W^XYZ s p e c i e s  i n
" I n o r g a n i c  I n f r a - r e d  and Raman S p e c t r a "  by 5 .  D. Ross,  M c G r a w - H i l l ,  1972
189
f R
0 4
•8
«
§
S
190
TABLE 4 .1 4
ASSIGNMENT OF RAMAN WAWENUMBERS/cm"^ OF A 
TYPICAL M e^PC l /B r^  REACTION PRODUCT
Uavenumbers /cm  ^ Ass ig nm en t
785 (w) O g ( b ^ )  n e ^ P C l ^ "
775 (ui) 0  2 ( 3 '^  ) MegPClBr*
771 (w) 0  g ( b ^ )  M e^PB r , *
748 (w) 0  ^ ( a ^ )  Me^PClz*
735 (w) O ^ ( a ' )  ne^PClBr '^
721 (w) ) ne^PBr^ '^
598 (w) \ )  g f b ^ )  Me^PBr^*
555 (m/w) O ^ ( a ' )  MegPClBr*
509 (m/w) \ ?  ^ ( a ^ )  me^PCl^*
475 (m/w) 0  g ( b 2 )  MG2PBr2*
470 (w) \ )  2 ( ^ 1 ) MegPClBr*
417 ( s )
375 ( s ) \ J  2 ( 3 ^)  Me2PBr2*
258 (m/w) \ )  g ( a "  ) M e ^ fC lB r ^
256 (m/w) V  g ( a ' )  MSgPClBr*
243 (m) V  ^{ b^)  r .e^P3r^*
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TABLE 4 . 1 4  CONT'D 
renumbers /c rn"^wav I A ss ig nm en t
235 (m) 0 g ( a ^ )  Cle^PBr^*
232 (m) 0 g ( a "  ) ne^PClBr
224 (w) g( b^)  M e^ P B r g *
+
206 (w) V 5 (3 /) Me 2 PClBr
171 (m) V 5 ( 8 2 ) M6 2P B r 2 *
136
j
( m / s ) V 4 ( 2 1 ) MezPBfz*
TABLE 4 . 1 5
FLUCTUATION OF SOME Me^PCl Br^  RAMAN
2 n 2 -n
FREQUENCIES WITH ANION TYPE
192
Singe H a l i d e  P o l y h a l i d e  P o l y a t o m ic
*3  BXa
520
Me^ PC lB r *  470 -  483
M e g P C l B r ^ O J g f a ' ) )  417 -  429
Me^PBr^*  ( O ^ ( a ^ ) )  377 384 391
*  Type "A'
193
- i ( a ]w i t h  t h e  appea rance  o f  t h e  BC1^“  modes a t  190,  275 and 407 cm 
The most  i m p o r t a n t  s h i f t s  r e c o r d e d  w e r e ; -  0  Me^PCl^^  508
520 cm” ^ , \ ? 2 ( a ^ )  Me2PBr2*  3 7 5 —^  392 cm“ ^ , 0 2 ( a ' )  Me2PC18r* 470-4
483 cm '^  a n d u ) „ ( a ' )  M e .P C lB r *  417—>429  cm "^ .  The f l u c t u a t i o n  o f
th e  p r i n c i p a l  P -Ha l  s t r e t c h e s  w i t h  a n i o n  t y p e  i n  th e  Me2P C lB r *
( o ^ n ^ 2 )  sys tem a re  p r e s e n t e d  i n  T ab le  4 . 1 5 .  Thus th e  d i m e t h y l -  
d ih a l o p h o s p h o n iu m  c a t i o n  sys tem  f o l l o w s  th e  t r e n d s  obse rv ed  f o r  
t h e  t e t r a h a l o p h o s p h o n i u m  and m e t h y l t r i  ha lo phosphon iu m  c a t i o n  
s e r i e s  i n  t h a t  c e r t a i n  modes o f  v i b r a t i o n  a re  p e r t u r b e d  s i g n i ­
f i c a n t l y  by s i n g l e  h a l i d e  a n io n s  l e a d i n g  to  h ig h  f r e q u e n c y  s h i f t s  
upon c o m p l e x a t i o n  w i t h  Lew is  a c i d s .
No e v id e n c e  was foun d  f o r  m e t h y l  g roup  s c r a m b l i n g  i n  t h i s  
s y s te m .  I n i t i a l l y  one Me2P C l / 8r 2 r e a c t i o n  p r o d u c t  gave a Raman 
s p ec t r um  t h a t  i n d i c a t e d  th e  p re s en c e  o f  some monomethy l  d e r i v a t i v e s  
b u t  su bse qu en t  i n v e s t i g a t i o n  s u gg es te d  t h a t  t he  Me2PCl used was 
c o n t a m i n a t e d  w i t h  a l i t t l e  MePCl2 , t h u s  a c c o u n t i n g  f o r  t he  v a r i e t y  
o f  p r o d u c t s .
4 . 3  T r i m e t h y l h a l o p h o s p h o r a n e s
4 . 3 . a T r i m e t h y l d i c h l o r o p h o s p h o r a n e  and T r i m e t h y l d i b r o m o p h o s p h o r a n e  and 
some d e r i v a t i v e s
T r i m e t h y l d i h a l o p h o s p h o r a n e s  have been i n v e s t i g a t e d  by v i b r a t i o n a l
s p e c t r o s c o p y  on two o c c a s i o n s  by Goubeau, Baum gar tner  e t  a l  and
s a l t - l i k e  Me^PX^X" (X = C l ,  B r ,  I ) s t r u c t u r e s  were i n f e r r e d ^ ^ ' ^ ^ t
31 35T h i s  was s u p p o r t e d  by P NMR and Cl  NQR s t u d i e s  on the  c h l o r o
1%
( 3 )compound and some d e r i v a t i v e s  .
T e t r a h e d r a l  c a t i o n s  o f  th e  t y p e  Me^PX* e x h i b i t  symmetry
and have the  f o l l o w i n g  v i b r a t i o n a l  r e p r e s e n t a t i o n
H i b  "  + 3e (R,  IR )
where  R and IR i n d i c a t e  Raman and i n f r a - r e d  a c t i v i t y  r e s p e c t i v e l y .
I n  t h i s  s tu dy  o n l y  Me^PCl^ and Me^PSr^ were exam ined;  th e  
Raman s p e c t r a  o b t a i n e d  are  p r e s e n t e d  i n  F i g s .  IWm and n ,  and a s s i g n ­
ments  made a re  compared w i t h  th o s e  p r e v i o u s l y  o b t a i n e d  i n  T ab le  4 .1 6  
and 4 . 1 7 .  The a s s ig nm e n ts  a re  r a t h e r  a r b i t a r y  b u t  were made a f t e r  
c o n s i d e r i n g  t h e  as s ig nm e n ts  madefo r  i s o e l e c t r o n i c  s i l i c o n  s p e c i e s  
( T a b l e  4 . 3 ) .
The most i n t e n s e  band i n  th e  M e^PC l^C l "  s p ec t r um  i s  th e  P -C l
- 1  P  e r
s t r e t c h  a t  528 cm . A low  f r eque ncy  shou ld ^was  c o n s i s t e n t l y  obs e rv e d
on t h i s  mode and was u n a f f e c t e d  by warm in g ,  o r  reduced  p r e s s u r e ,
i n d i c a t i n g  i t  t o  be a g en u ine  p a r t  o f  the  sp ec t r um  and n o t  a r i s i n g
f r om  th e  p re s en c e  o f  more t h an  one c r y s t a l  m o d i f i c a t i o n  ( c f  th e
Me2P C l2^ C l "  sys tem d i s c u s s e d  i n  S e c t i o n  4 . 2 . a ) .  The s y m m e t r ic  and
a n t i s y m m e t r i c  P-C s t r e t c h e s  f o r  Me^PCl Cl  a re  r e a d i l y  a s s ig n e d  as
- 1
t h e  h i g h  f r e q u e n c y  bands a t  694 and 780 cm r e s p e c t i v e l y .  The 
e q u i v a l e n t  bands i n  Me^PBr^Br  a re  found a t  683 and 775 cm ^ and,  
once a g a i n ,  t h e  P -H a l  s t r e t c h  i s  t he  most  i n t e n s e  f e a t u r e  o f  t he  
sp e c t ru m  o c c u r i n g  a t  413 cm . The a s s ig n m e n t  o f  the  t h r e e  low 
f r e q u e n c y  bands ( \ ^ , a n d V  ^ )  f o r  b o t h  compounds i s  more d i f f i c u l t  
i n  t h e  absence o f  p o l a r i z a t i o n  d a t a .  The weak,  l o w e s t  f r e q u e n c y
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band i s  i n  b o t h  compounds a s s ig n e d  a s O g ( e )  by d i r e c t  c o m p a r i s on  
w i t h  th e  s p e c t r a  o f  Me^SiC l  and Me^SiBr  ( T a b le  4 . 3 ) ^ ^ ) and o c c u r s  
a t  224 and 212 cm ^ f o r  th e  c h l o r i d e  and b ro m id e  r e s p e c t i v e l y .
T h i s  c o m p a r i s on  w i t h  i s o e l e c t r o n i c  s p e c i e s  i s  h i n d e r e d  by t h e  co­
i n c i d e n c e  o f ^ 2  and i n  M e ^ S iC l .  I n  the  spec t r um  o f  Me^PCl Cl  
t h e s e  modes a re  a lm o s t  c o i n c i d e n t  w i t h  a band o f  m e d iu m /s t r o n g  
i n t e n s i t y  a t  280 cm ^ and a low  f requency  s h o u l d e r  275 cm ^ and 
t h e s e  a re  a<rb>(Wnly a s s ig n e d  as\> ^ and r e s p e c t i v e l y . For
M e ^ S i B r , ^ / ^  r e p o r t e d  a t  213 cm ^ a n d a t  242 c m " ^ ^ ^ a n d  th e  
sp e c t ru m  o f  Me^PBr^Br  shows an i n t e n s e  band a t  248 cm ^ and a 
r e l a t i v e l y  weak band a t  272 cm The symmetr ic^?  ) mode i s
a s s ig n e d  as an Me-P-Me d e f o r m a t i o n  w h e r e a s ^  ^ ( e )  i s  a s s ig n e d  as an 
Me-P-Br  d e f o r m a t i o n .  Thus,  i f  t h e  i s o e l e c t r o n i c  a s s ig n m e n t  i s
-1 j -1
f o l l o w e d ,  t h e  band a t  248 cm s h o u ld  b e y ^  and t h a t  a t  272 cm ,
^  However ,  i n  te rm s  o f  r e l a t i v e  i n t e n s i t i e s  i t  i s  more r e a s o n a b le  
t o  a s s ig n  th e  s t r o n g e s t  Raman band t o  t h e \ / ^ ( e )  mode t h a t  i n v o l v e s
-1
s i g n i f i c a n t  m o t i o n  o f  th e  P -B r  bond and t o  a s s i g n  th e  weaker  272 cm 
band as t h e ^ / ^ f a i )  mode. I t  i s  t h i s  l a t t e r  a s s ig nm e n t  t h a t  i s  g i v e n  
i n  T ab le  4 . 1 7 .
The s p e c t r a  r e p o r t e d  above f o r  M e^PC l^C l "  and Me^PBr^Br  were 
r e c o rd e d  on samples  r e c r y s t a l l i z e d  f rom  th e  a p p r o p r i a t e  pho sphorus  
t r i h a l i d e  (see  e x p e r i m e n t a l  s e c t i o n ) .  When samples were n o t  t r e a t e d  
i n  t h i s  manner e x t r a n e o u s  peaks appeared i n  the  Raman s p e c t r a  a t  
458 and 215 cm~^, th e  f o r m e r  b e in g  o f  medium i n t e n s i t y .  The o r i g i n
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TABLE 4 .16
RAMAN WAVENUMBERS/cm"1 FOR THE COMPOUND M e^P C l^C l "
B a um g ar tn e r  e t  a l  C u r r e n t  S tud y Ass ig nm en t
168
233 (w) V?c(e)  ^  (Me-P-Me)
290
368
275 (m, sh)  0 3 ( 3 ^ ) $ '  (Me-P-Me)
280 (m) V g ( B )  %  ( M e -P -C l )
S S ’ " ’ !
694 (m /u )  0 - ]  ( 3  ^ ) v ) ^ ( P - M e )
527 
691
776 780 (w) ^  ( e ) ^ ^  (P-Me)
R. B a u m g a r tn e r ,  W. Sauodny and 0 ,  Goubeau; Z. Ano rg ,  A l l g e m .  Chem., 
1964,  3 3 3 , 171
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TABLE 4 . 1 7
RAMAN UAVENUMBERS/cm  ^ FOR THE COMPOUND Me^PBr^Br
Goubeau and Baum gar tn e r  C u r r e n t  S tudy Ass ig nm en ts
212 (w)  0 g ( e )  ^  (Me-P-Me)
248 ( s )  V ?5 ( e ) § '  ( M e -P -B r )
272 (w) 0  3 ( a ^ ) 5 ^ ( M e - P - M e )
302
323
334
398 
415
674
756
413 ( s )  0 g ( a ^ ) \ )  ( P - B r )
583 (w)  0 ^ ( a ^ ) 0  s ( P - M e )
775 (w)  \ ? ^ ( e )  gg(P-Me)
0.  Goubeau and R. B a u m g a r tn e r ;  Z. E l e k t r o c h e m , ,  1960,  598
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o f  th e s e  modes i s  unknown b u t  as u n t r e a t e d  sample  gave v a r i a b l e
a n a l y s e s  t h e y  were n o t  used u n t i l  p u r i f i e d .
I f  th e  p a t t e r n s  o bs e rv ed  e l s e w h e re  i n  t h i s  work  a re  f o l l o w e d ,
c o m p l e x a t i o n  w i t h  Lewis  a c i d s  s h o u ld  p ro duce  h i g h  f r e q u e n c y  Raman
s h i f t s  i n  some c a t i o n i c  modes.
The Raman s p ec t r um  o f  He^PCl ’^ 'aCl^"  i s  i l l u s t r a t e d  i n  F i g ,  I Wo
and a s s ig n m e n ts  f o r  t h i s  and th e  h e x a c h l o r o a n t i m o n a t e  a re  p re s e n t e d
i n  T a b le  4 , 1 8 ,  The p re sence  o f  th e  a n io n s  i n  t h e s e  complexes i s
c o n f i r m e d  by f a v o u r a b l e  com p a r i s on  w i t h  f o r m e r  Raman s t u d i e s :  a l l
f o u r  Raman a c t i v e  modes were obs e rv e d  f o r  t h e  t e t r a h e d r a l  t e t r a -
c h l o r o b o r a t e  a n io n  ^  as were t h e  t h r e e  Raman a c t i v e  modes f o r  th e
(.9 1 o)
o c t a h e d r a l  h e x a c h l o r a n t i m o n a t e  a n i o n  * ,
The MeyPC1^3Cl^~ spec t r um  i s  p a r t i c u l a r l y  c l e a r  and h ig h
f r e q u e n c y  s h i f t s  i n  some c a t i o n  modes a re  a p p a r e n t  when compared
w i t h  Me^PCl^Cl  , I n  p a r t i c u l a r  th e v ? 2 ( 3 - ] )  P -C l  s t r e t c h  i s  moved
by 15 cm ^ f rom 528 cm ^ to  544 cm The low f r e q u e n c y  s h o u l d e r
o b s e rv e d  on t h i s  mode i n  t h e  p a r e n t  compound a t  524 cm"^ i s  a l s o
_1
p r e s e n t  i n  t h e  t e t r a c h l o r c b o r a t e  a t  539 cm , The l o w e r  f r e q u e n c y
_1
c a t i o n  d e f o r m a t i o n  modes a re  a l s o  h i g h  f r e q u e n c y  s h i f t e d  by 10 cm 
b u t  t h e \ ^ i  and \J^  P-C s t r e t c h i n g  modes a re  r e l a t i v e l y  u n a f f e c t e c  by 
t h i s  change i n  a n i o n .  I t  i s  i n t e r e s t i n g  to  compare th e  r e l a t i v e  
i n t e n s i t i e s  o f  t h e  a n ion  and c a t i o n  bands -  t h e y  a re  q u i t e  s i m i l a r  
u n l i k e  th o s e  i n  P C l ^ ^ B C l^ "  where c a t i o n  modes d om in a te  th e  sp ect rum  
( F i g ,  I I I c ) ,  T h i s  i l l u s t r a t e s  t he  t r e n d  i n  th e  F^^PC1^_^*  ( o ^ n ^ )
201
W j
«
g
8
§
g
§
' O
TABLE 4 .1 8
RAMAN UAVENUMBERS/cm"^ FOR THE COMPLEXES
Me.PCl  BCl "  AND Me_PCl SbCl^ ' J J D
202
s ^ P C l + B C l ^ - Ass iq nm en ts Me-PC l^S bC lc "  4 b Ass iq nm en ts
234 (w) 0  g ( e ) Me^PCl* 237 (w/m) V?g(e) Me^PCl*
283 ( s ) 0  3 ( 3-1 ) MSgPCl* 279 (m, sh ) ^ 3 ( 3 ^) Me^PCl*
290 ( s ) Me^PCi* Obscured
539
544
(m, sh)  
( m / s ) ) Me^PCl^
533
537
'(m, s h )  
(m / s ) Me^PCl*
695 (u /m ) ) Me^PCl* 696 ( u /m ) V ^ i C a q Me^PCl*
780 ( u ) ^ 4 ( ® ) Me^PCl^ 779 (w) <^4 ( 3 ) Me^PCi*
191 (m) BCI4- 169 (m /s ) ) s b c i ^ -
276 (m, sh) 0 4 ( ^ 2 ) BCI4- 289 (m / s ) V^2<^g) SbCl_“b
408 ( m / s ) U l ( s i ) B C l , - 330 ( v s ) SbC lg -
674 (wJ ^ 3 ^ ^ 2 ) BCI4-
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c a t i o n  s e r i e s  t h a t  i n c r e a s i n g  th e  number o f  m e t h y l  f u n c t i o n s  de­
c r e a s e s  th e  Raman s c a t t e r i n g  power ,  as e x p e c t e d .
The h e x a c h l o r a n t i m o n a t e  shows s i m i l a r  t r e n d s  to  th e  t e t r a -  
c h l o r o b o r a t e  b u t  an a d d i t i o n a l  p ro b le m  i s  e n c o u n t e re d  because o f  
t h e  r e l a t i v e l y  h i g h  i n t e n s i t y  o f  th e  a n io n  modes. I n  p a r t i c u l a r ,
t h e \ /  (e ) mode o f  SbCl^ a t  289 cm ^ r e n d e r s  o b s e r v a t i o n  o f  the  /  g o
\ ^ ^ ( e )  Me^PCl mode i m p o s s i b l e  and o t h e r  c a t i o n  bands were o n l y  seen 
when th e  a n io n  bands were r u n  a t  v e r y  h i g h  i n t e n s i t y .  The 0 2 ( 3 -1) 
c a t i o n  mode was s h i f t e d  t o  537 elm ^ and t h e  a s s o c i a t e d  low f r e q u e n c y  
s h o u l d e r  t o  533 cm s i g n i f i c a n t l y  l e s s  t h a n  i n  t h e  t e t r a c h l o r o -  
b o r a t e .  A l l  o t h e r  c a t i o n  bands were a f f e c t e d  as i n  t he  t e t r a c h l o r o -  
b o r a t e  case b u t  t o  a l e s s e r  d eg re e .  S i m i l a r  t r e n d s  were a l s o
o b s e rv e d  i n  t h e  compound Me^PCl^PCl^  ,
Thus w i t h  Me^PCl^Cl  t h e r e  i s  s t i l l  s i g n i f i c a n t  p e r t u b a t i o n  o f  
t h e  c a t i o n  by t h e  s i n g l e  h a l i d e  a n io n  a c c o u n t i n g  f o r  th e  h i g h  f r e ­
quency Raman s h i f t s  obse rv e d  when r e a c t e d  w i t h  Lew is  a c i d s  to  g i v e  
p o l y a t o m i c  a n i o n s .
A t t e m p t s  were made t o  p r e p a r e  t h e  complex  Me^PBr BBr^ by t he
+ —
r e a c t i o n  o f  t h e  p a r e n t  Me^PBr Br w i t h  bo ron  t r i b r o m i d e .  The 
sp e c t ru m  o b t a i n e d  i s  i l l u s t r a t e d  i n  F i g .  IVp and th e  wavenumbers are  
a s s ig n e d  i n  Tab le  4 , 1 9 ,  A n a l y s i s  i n d i c a t e d  an im p u re  p r o d u c t ,  a
f a c t  r e a d i l y  c o n f i r m e d  by e x a m in a t i o n  o f  the  Raman s p e c t ru m .  The
BBr^~ a n io n  i s  i n d i c a t e d  by bands a t  157,  244 and 590 cm q u i t e
( b)c o n s i s t e n t  w i t h  th e  l i t e r a t u r e  v a lu e s  \  I t  app ea rs  t h a t  the  r e a c t i o n
2%
0 0
+
ê
s
Q j
C3
(Z
C3
O
s
- f c
8 -
C ;
DI
§
- < h
s
g
g
205
TABLE 4 .19
ASSIGNMENT OF WAUENUMBERS/cm"^ FOR AN ATTEMPTED Me^PBr'^BBr^" PREPARATION
Me^PBr BBr^ Ass ig nm en t
213 M O g ( e )  Me^PBr'^Br"
220 (uj, sh) ^ g ( e )  Me^PBr+BBr^"
245 ( s ) ' J g ( e )  Me^PBr^Br"
255 (m, sh ) g ( e )  Me^PBr^BBr^"
273 (w) V ] ( a i )  Me^PBr*
413 ( m /s ) U  2 ( ^ 1 ) MePSr^Br"
429 (m) ^ 2 ( ^ 1 ) MePBr+BBr^"
684 (vw,  b r )
778 (vw,  b r ) ^ ^ ( e )  Me^PBr*
167 (m/w) 0 / ^ 2 ) B B r^ -
244 ( m / s ,  sh) B B r^ -
590 ( lj, b r ) ^ 2 ( ^ 2 ) B Br jT
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p r o d u c t  i s  a m i x t u r e  o f  u n r e a c t e d  Me^PBr Br and th e  d e s i r e d  p r o d u c t  
SBr^ : t h i s  i s  p a r t i c u l a r l y  s u b s t a n t i a t e d  by two s e t s  o f
bands f o r  most  o f  th e  c a t i o n i c  modes and i s  most e v i d e n t  when th e
P—9 r  s t r e t c h i n g  mode i s  examined.  Here two bands a re  o b s e r v e d ;  one
a t  414 cm” ^ c o r r e s p o n d i n g  to  u n r e a c t e d  Me^PB r^B r"  and a n o t h e r  a t
429 cm“ ^ p re s um ab ly  a s s o c i a t e d  w i t h  Me^ PBr^ BBr^ " .  Thus th e  expe c te d
h i g h  f r e q u e n c y  s h i f t  i s  obse rv ed  and even thou gh  i t  p ro ved  i m p o s s i b l e
t o  p r e p a r e  a pur e  sample  o f  Me^PBr^BBr^"  t h e  m i x t u r e s  a f f o r d e d  an
easy c o m p a r i s on  o f  f r e q u e n c i e s ,
4 , 4  M a t r i x - i s o l a t i o n / l o w  t e r m p e r a t u r e  s u b l i m a t i o n  s t u d i e s  o f  m e t h y l -
ha lo p h o s p h o ra n e s
I n  Cha p te r  2 o f  t h i s  s t u d y  m a t r i x  i s o l a t i o n  and low t e m p e r a t u r e
s u b l i m a t i o n  e x p e r im e n t s  on phosphor us  p e n t a c h l o r i d e  and p e n ta b ro m id e
were d e s c r i b e d  and t h e  m e r i t s  o f  t h e  two t e c h n i q u e s  d i s c u s s e d .  An
i n v e s t i g a t i o n  u s i n g  th ese  t e c h n i q u e s  was c a r r i e d  o u t  on th e  m e t h y l -
c h lo r o p h o s p h o r a n e s  MePCl^,  Me2PC l2 and Me^PCl^ i n  an a t t e m p t  to
d e t e r m i n e  th e  r e s p e c t i v e  m o l e c u l a r  s t r u c t u r e s .
The o n l y  p r e v i o u s ^ t u d y  o f  t h i s  n a t u r e  t o  use v i b r a t i o n a l
s p e c t r o s c o p y  was by B e a t t i e  who deduced t h a t  i n  n o n - p o l a r  s o l v e n t s
MePCl^ was a t r i g o n a l  b i p y r a m i d  o f  n e t t  s y m m e t r y ^  , More
31r e c e n t l y  D i l l o n  and Deng have r e p o r t e d  ^ P s o l u t i o n  s h i f t s  f o r  MePCl^ 
i n  a v a r i e t y  o f  s o l v e n t s  and th e  r e s u l t s  i n d i c a t e  t h a t  th e  compound 
i s  p r e d o m i n a n t l y  m o l e c u l a r  B e a t t i e ’ s Raman r e s u l t s  and a s s i g n ­
ments a re  p r e s e n t e d  i n  Tab le  4 ,2 0  where t h e y  a re  compared w i t h  th ose  
o b t a i n e d  when MePCl^ v apour  was d e p o s i t e d  o n to  a c o l d - p l a t e  a t  15K,
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The s u b l i m a t i o n  c o n d i t i o n s  r e q u i r e d  to  d e p o s i t  enough sample  f o r  
Raman s p e c t r o s c o p y  was 3 days a t  40°C,  The low s u b l i m a t i o n  
t e m p e r a t u r e  was used t o  m in i m i z e  p o s s i b l e  d e c o m p o s i t i o n  o f  th e  
i '^sPCl^ t o  MePCl^ and Cl^» The sp ec t r um  o b t a i n e d  a t  15K i s  i l l u s t r a t e d  
i n  F i g .  IVq where i t  i s  compared w i t h  t h a t  o f  th e  same sample 
warmed to  25GK, The wavenumbers a t  15K agree  r e a s o n a b l y  w i t h  
t h o s e  o b t a i n e d  by B e a t t i e  and a re  q u i t e  c o n s i s t e n t  w i t h  a s p e c ie s  
o f  C^y fsymmetry  w i t h  t h e  m e t h y l  g roup  o c c u p y in g  an e q u a t o r i a l  
p o s i t i o n .  T h i s  system possesses t h e  f o l l o w i n g  v i b r a t i o n a l  r e p r e s e n ­
t a t i o n :
= 5a^ (R, I R )  + ag (R) + 3b^ (R,  IR)  + (R,  IR)
where R and IR r e f e r  t o  Raman and i n f r a - r e d  a c t i v i t y  r e s p e c t i v e l y .
I f  th e  m e t h y l  g roup was a x i a l l y  d i s p o s e d  a n e t t  symmetry wou ld
r e s u l t  w i t h  t h e  f o l l o w i n g  v i b r a t i o n a l  r e p r e s e n t a t i o n :
(R,  IR )  + ae (R,  I R )
Thus t h e r e  wou ld  be l e s s  bands ex pe c te d  than  a re  a c t u a l l y  obse rved  
i n  th e  s p e c t r u m .  The s t r o n g e s t  f e a t u r e  i s  a t  451 cm ^ and i s  as­
s i g n e d  to  th e  s y m m e t r i c  e q u a t o r i a l  P -C l  s t r e t c h  w i t h  the  a sym m et r i c  
e q u a t o r i a l  P-C l  s t r e t c h  a p p e a r i n g  as a weak band a t  573 cm , The 
weak,  h i g h  f r e q u e n c y ,  f e a t u r e  a t  752 cm” ^ can be c o n f i d e n t l y  as­
s i g n e d  as the  P-C s t r e t c h i n g  mode. The 240 -  300 cm ^ r e g i o n  o f  
th e  sp ec t r um  i s  r a t h e r  crowded w i t h  s e v e r a l  o v e r l a p p i n g  bands b u t  
enough d e t a i l  i s  p r e s e n t  to  show r e a s o n a b le  agreement  w i t h  B e a t t i e ’ s 
v a lu e s  w h i c h ,  i n  t u r n ,  c o i n c i d e d  w e l l  w i t h  norma l  c o o r d i n a t e  c a l c u l a ­
t i o n s .
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TABLE 4 .2 0  
RAMAN ASSIGNMENTS FOR MOLECULAR MePCl
B e a t t i e C u r r e n t  i n v e s t i g a t i o n Ass ig nm en ts
( s o l u t i o n  s t u d y ) ( l o w - t e m p e r a t u r e  s u b l i m a t i o n )  
a t  15K
743 ( I R ) 752 (w) V) i ( a p \ )  (P-C)
557 ( IR+R) 578 (w) 0 , ( b i ) O 3 q ( P - C l )
441 ( IR+R ) 451 ( v s )
382 ( I R ) 398 (w)
351 ( I R ) 350 (vw)
288 ( IR+R) 292 (m) ^  3 ( S l ) \ ) a x ( P - C l )
278 ( I R ) 261 (m, sh) ( P - C l )
271 (R) 274 ( s ) 0  g ( a 2 ) c f a x ( P - C l )
256 ( c a l c u l a t e d ) 265 (m, sh) 0  7 ( 3 l ) c T a x ( P - C l )
251 ( IR+R) 250 (w,  sh) D i q ( '^ i ) § '  e q ( ^ " C l )
178 (R) 180 (w) 0  b (® i ) S ”  ( P - C l )
141 ( I R ) 155 (w) ( / l l ( ^ ) § ' a x ( P - C l )
I .  R. B e a t t i e ,  K. L i v i n g s t o n  and ( i n  p a r t )  T . G i l s o n ;  0.  Chem. Soc . 
" A " ,  1958,  1.
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Fig I  Va Raman spectrum of MePCl. 
i) at 15K
n) a t 260 K
800 700
1 Ü 0W Ô 20057)0~ 6 Ù 0 cm
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weak band ai"'>^483 cm  ^ i s  a p p a r e n t  i n  th e  sp ec t r um  and i s
t h o u g h t  t o  a r i s e  f rom  r e s i d u a l  i o n i c  MePCl^^Cl  . T h i s  i s  sup­
p o r t e d  by th e  r e s u l t s  o f  a v a r i a b l e  t e m p e r a t u r e  s t u d y  w h ich  shows 
th e  f o l l o w i n g  t r a n s i t i o n
MePCl^ ( c o v a l e n t )  ---------- >  M ePCl^^C l "
to  o c c u r  on warming to  a p p r o x i m a t e l y  160K. The most  d r a m a t i c  
change i n  t h e  Raman s p e c t r a  d u r i n g  t h i s  e x p e r i m e n t  i s  t h e  i n c r e a s e  
i n  i n t e n s i t y  o f  t h e  band a t  483 cm ^ w i t h  a c o r r e s p o n d i n g  dec rease  
i n  t h e  band a t  451 cmT^.
T h i s  band a t  483 cm ^ i s  u n d o u b t e d l y  t h e p ^ C a ^ )  mode o f  the  
PlePCl^'*’ c a t i o n  and on f u r t h e r  warming to  260K t h i s  s h i f t s  to  
477 cm • The sp ec t r um  o f  a s u b l i m a t e  warmed t o  250K i s  i n c l u d e d  
i n  F i g .  I 'Jq and i s  a r e l a t i v e l y  s im p l e  6 band spec t r um  as to  be 
e x p e c te d  f rom a MePCl^^ c a t i o n  o f  symmetry .  The bands o c c u r  
a t  797 ,  515,  477 ,  275,  248 and 220 cm ^ and a re  s i m i l a r  to  th ose  
o b t a i n e d  a t  am b ie n t  t e m p e r a t u r e  f o r  a I ' le PC l^ /C l^  r e a c t i o n  p r o d u c t ,  
(see  Tab le  4 .1  and F i g .  1\J . )
An ana lo gous e x p e r im e n t  was a t t e m p t e d  w i t h  MePBr^.  U n f o r t u n ­
a t e l y  no sp ec t r um  o f  the  s u b l im e d  sample c o u l d  be o b t a i n e d  even 
though  a g l a s s y  m a t r i x  was a p p a r e n t .
C o v a le n t  compounds o f  t h e  s o r t  Te2p C l 2 and F.e^PCl^ have t h r e e  
p o s s i b l e  c o n f i g u r a t i o n s  based upon a t r i g o n a l  b i p y r a m i d a l  s t r u c t u r e  
^ I f  a h y p o t h e t i c a l  compound M  2^ ^ ]  i s  c o n s i d e r e d  th e  t h r e e  
p o s s i b l e  i s om ers  a r i s e  i n  t h e  f o l l o w i n g  way:
a) th e  n g roup s  a x i a l l y  d i s p o s e d  (Cy^ symmetry )
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b)  t h e  M g roup s  e q u a t o r i a l l y  d i s p o s e d  ( C ^ y  symmetry )
c )  one M g roup a x i a l l y  d i s p o s e d ,  one M g ro up  e q u a t o r i a l l y  d is p o s e d  
, (Cg symmetry )
The v i b r a t i o n a l  a c t i v i t y  o f  th ese  s y m m e tr ie s  i s  g i v e n  be low 
w i t h  R and IR h a v in g  the  s t a n d a r d  meaning.
°3 h  P u i b  "  (R) + 3 e ' '  (R,  IR )  + ( I R )  + 1 g " (R )
b)  ^ 2 ^  P i / i b  '  (R, IR)  + U 2  (R) + 3b^ (R,  IR)  + 3bg (R, IR)
c )  p v i b  = 8 (X^  (R,  IR )  + (R,  IR )
Thus,  i n  p r i n c i p l e ,  i t  i s  p o s s i b l e  t o  d i f f e r e n t i a t e  between 
t h e s e  c o n f i g u r a t i o n s  by v i b r a t i o n a l  s p e c t r o s c o p y .  However ,  i n  
p r a c t i c e ,  t h i s  p ro ved  i m p o s s i b l e  w i t h  samples o f  f le ^PC l^  and Me^PClg 
because o f  t h e  i n a b i l i t y  t o  s u b l im e  th es e  compounds o n to  th e  c o l d  
head o f  th e  m a t r i x  i s o l a t i o n  u n i t .  A t t e m p ts  were made to  d e p o s i t  
v a po u r  o f  th es e  compounds by h e a t i n g  samples  to  around  250°C i n  a 
h i g h  t e m p e r a t u r e  'Knudsen Fu rn ac e ,  s i m i l a r  to  th ose  used by Andrews 
and A u l t  t o  d e p o s i t  a v a r i e t y  o f  s a l t  v a po u rs  i n  t t î ô i r m a t r i x  i s o l a t i o n  
s t u d i e s T h i s  method was a l s o  u n s u c c e s s f u l  u s u a l l y  i n  c h a r r i n g  
o f  t h e  samples and d e p o s i t i o n  o f  i n s u f f i c i e n t  va pour  to  o b t a i n  s p e c t r a ,  
The p o s s i b l e  a l t e r n a t i v e  method o f  o b t a i n i n g  s t r u c t u r a l  i n f o r m a t i o n  
abo u t  monomer ic  fo rm s  o f  Me^PCl^ and ^ 62^^12  by s o l u t i o n  Raman and 
i n f r a - r e d  s p e c t r o s c o p y  a l s o  r e s u l t e d  i n  f a i l u r e  because the  compounds 
were i n s o l u L i <2 i n  many common, i n e r t  s o l v e n t s .  Th is  app roach  may, 
howeve r ,  p ro ve  s u c c e s s f u l  g i v e n  a more e x h a u s t i v e  i n v e s t i g a t i o n .
4 . 5  S o l i d - s t a t e  NF,R s t u d i e s  o f  M e t h y l h a lo p h o s p h o r a n e s
31D i l l o n  and c o - w o r k e r s  have r e p o r t e d  th e  s t a t i c  P NMR s p e c t r a
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o f  HeP Cl^ ,  MG2PC12, Me^PCl2 a d d i t i o n  compounds w i t h  some Lew is
0 )a c i d s  The r e s u l t s  i n d i c a t e d  i o n i c  s t r u c t u r e s ,  c o n s i s t e n t  w i t h
t h e  Raman o b s e r v a t i o n s  i n  t h i s  and o t h e r  s t u d i e s ,  Deng r e p o r t e d  
31t h e  P NMR s p e c t r a  o f  v a r i o u s  m e t h y lh a lo p h o s p h o r a n e s  and d e r i v a t i v e s ,
rvûA la  ( c  /| g \
i n c l u d i n g  mixed h a lo g e n  s p e c i e s ,  i n  s t r o n g l y  a c i d i c ^   ^ ^  There  i s ,
h ow eve r ,  no r e f e r e n c e  to  any s o l i d  s t a t e  s t u d i e s  on th e s e  compounds
u s i n g  th e  magic  a n g le  r o t a t i o n  (MAR) t e c h n i q u e  to  o b t a i n  nar ro w
l i n e s .  A l l  such s p e c t r a  r e p o r t e d  here  were o b t a i n e d  by Mr.  A. Root
31a t  t h e  U n i v e r s i t y  o f  Ea st  A n g l i a .  A l l  P c h e m ic a l  s h i f t s  were
measured r e l a t i v e  t o  83% p h o s p h o r i c  a c i d  w i t h  t he  d o w n f i e l d  d i r e c t i o n
11t a k e n  as p o s i t i v e .  Where a p p r o p r i a t e ,  0 NMR s p e c t r a  were r e c o rd e d  
u s in g  t r i m e t h y l  b o r a t e  as th e  e x t e r n a l  s t a n d a r d .
4 . 5 , a MePX^^X and some d e r i v a t i v e s  (X = C l ,  B r )
31 + —
P r e v i o u s  s t a t i c  P measurements on MePCl^ Cl  a re  a l l  con­
s i s t e n t  w i t h  one a n o t h e r :  D i l l o n  e t  a l  r e p o r t  a reso na nce  a t  119 -
2 p . p . m ^ ^ ' ^ ^ * .  whereas Deng g i v e s  a c h e m ic a l  s h i f t  a t  120 p . p . m .
( 5 '’ 9'), I n  th e  p r e s e n t  s t u d y  a s h i f t  a t  118 ,2  p . p . m .  was obse rv ed  
w i t h  a l i n e w i d t h  o f  500 Hz. S l i g h t  changes a re  obse rv ed  upon com­
p l e x a t i o n  w i t h  s t a t i c  e x p e r i m e n t a l  s h i f t s  f o r  MePCl^*  a t  116 .5  -  1,
117 -  1 and 120 .9  p . p . m .  r e s p e c t i v e l y  f o r  the  I C l ^  , A l C l ^  and 
SbC lg "  s a l t s ( ^ ' 5 , 1 9 , 2 g )  y^e  MAR spec t r um  o f  MePCl^+BCl^"  
i n d i c a t e d  a s h i f t  a t  115.8  p . p . m .  w i t h  a l i n e w i d t h  o f  32Hz.
The c o r r e s p o n d i n g  b romid e  c a t i o n  has n o t  been so t h o r o u g h l y  
s t u d i e d  a l t h o u g h  Deng r e p o r t s  a s h i f t  o f  3 0 .7  p . p . m .  f o r  MePBr^^Sr  
i n  o l e u m T h e  sample  s e n t  f o r  ^^P MAR s t u d i e s  u n f o r t u n a t e l y
213
u nd e rw e n t  c o n s i d e r a b l e  d e c o m p o s i t i o n ,  t h e  sp ec t r um  show ing  s h i f t s  
a t  2 6 ,5  p . p . m .  (vw)  and 9 .2  p . p . m .  ( v s ) .  The f o rm e r  i s  a s s ig n e d  
t o  t h e  compound MePBr^ Br w h i l s t  th e  l a t t e r  i s  an i m p u r i t y ,  
p o s s i b l y  MePQBr^. A s t a t i c  s o l i d  s t a t e  ^^ P spec t r um  o f  MePBr^^BBr^ 
shows a res ona nce  a t  27 .5  p . p . m .  w h ich  i s  s h i f t e d  t o  29.1 p . p . m .  
i n  o le u m ^ ^ .
The case o f  MePCl2/ B r 2 r e a c t i o n  p r o d u c t s  i s  i n t e r e s t i n g .  S t a t i c
31 P NMR pro du ced  a b road  resonance  c e n t r e d  a t  8 5 .6  p . p . m .  b u t  i n
a c i d i c  media  bands a s s i g n a b l e  to  a l l  t he  MePCl S r „  c a t i o n s  weren 3 -n
o bs e rv e d  a lo n g  w i t h  v a r i o u s  h y d r o l y s i s  and o x i d a t i o n  p r o d u c t s ^ ^  
These d a t a  a re  p r e s e n t e d  i n  T ab le  4.21 where  t h e y  a re  compared w i t h  
r e s u l t s  o b t a i n e d  u s in g  MAR f o r  samples o f  M e P C l^ /B r ^ ,  ^ / 8 Z l .
and MePCl2/ B r 2/ B B r 2 . The c h e m ic a l  s h i f t s  f o r  th e  c a t i o n s  a re  n o t  
u n e x p e c t e d l y  s h i f t e d  f rom t h e i r  s o l u t i o n  v a lu e s  b u t  t h r e e  o t h e r  
i m p o r t a n t  o b s e r v a t i o n s  may be made; -
i )  Broad resonances  a re  obse rv ed  when an X c o u n t e r  i o n  i s  
p r e s e n t .
i i )  S h a rp e r  r eso na nces  a re  obse rved  when a BX^ c o u n t e r  i o n  i s  
p r e s e n t .
i i i )  The r e p la c e m e n t  o f  an X-  a n io n  w i t h  a BX^ s p e c i e s  l e a d s  to  a 
h i g h  f r e q u e n c y  s h i f t  i n  r esonance .
B MAR measurements were made on ASM 36 and ASM 42.  The p r e ­
sence o f  p r e d o m i n a n t l y  3C1^~ w i t h  o n l y  t r a c e s  o f  BC l^Br  was i n ­
d i c a t e d  i n  t he  f o r m e r  w h i l s t  BBr^ , BB r^C l  and 3Br2C l2  were ob­
s e rv e d  i n  th e  l a t t e r  i n  d e c r e a s i n g  amounts ,  Raman s t u d i e s  a l s o
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i n d i c a t e d  BC1^“  i n  ASM 35 and BBr^”  i n  ASM 42.  Thus an
a d d i t i o n a l  o b s e r v a t i o n  may be made : -
i v )  The re p la c e m e n t  o f  a c h l o r i n e  r i c h  BX^ c o u n t e r  i o n  w i t h  a
b ro m in e  r i c h  BX^ s p e c i e s  l e a d s  t o  a low f r e q u e n c y  s h i f t  i n  
31th e  P re so na nce .
The MAR NMR o f  th e  M e P C l ^ / B r ^ / B C l ^  r e a c t i o n  (R6)  
shows b o t h  shar p  and b ro ad  res onances  and i s  i l l u s t r a t e d  i n  
F i g  IV p ,  The Raman sp ec t r um  o f  t h i s  p r e p a r a t i o n  i s  i l l u s t r ­
a t e d  i n  F i g ,  I  V f  where i t  i s  a p p a r e n t  t h a t  t h e r e  i s  a m i x t u r e  
o f  b o t h  BX^ and X a n io n s  p r e s e n t .  T h i s  i s  deduced by t h e  
s h i f t  p a t t e r n s  i n  some c a t i o n i c  P-X modes d i s c u s s e d  e a r l i e r .  
T h i s  i s  c o n s i s t e n t  w i t h  th e  b r o a d / s h a r p  re so nance  a s s ig n m e n ts  
e xp resse d  i n  p o i n t s  i )  t o  i v )  b u t  i t  s h o u ld  be n o te d  t h a t  the  
Raman sp ec t r um  o f  ASM 35 a l s o  i n d i c a t e d  t h e  p re s en c e  o f  a 
m i x t u r e  o f  a n io n s  (BX^ and X ) y e t  o n l y  shar p  ^^P reso na nces 
were o b s e rv e d .  The e x a c t  n a t u r e  o f  th e  h a l i d e  s p e c i e s  p r e s e n t  
c a n n o t  be e x a c t l y  d e f i n e d  -  i t  i s  assumed t h a t  t h e y  a re  l i k e
MePCl 3 r „  ^ X , r a t h e r  t h a n  o f  a f o r m u l a t i o n  a k i n  to  meta -n 3 -n
+ V — —
s t a b l e  PCl^ o r  (PC l^  Cl  because no e v id e n c e  has eve r
been fo un d  to  i n d i c a t e  a p u re  m e t h y l h a l o p h o s p h o r a n e  complex  
o f  t h i s  s t r u c t u r e .
4 . 5 . b  Me^PX^^X and some d e r i v a t i v e s  (X = C l ,  B r )
P r e v i o u s  s t a t i c  ^ P NMR s h i f t  v a l u e s  o f  124 -  5 and 127 .5  -  
3 p . p . m . ^ ^ ^ h a v e  been r e p o r t e d  f o r  Me^PCl^'^ 'ci  whereas i n  a c i d  
s o l u t i o n  t he  res ona nce  was o bs e rv ed  a t  124 .2  p . p . m. I n th e  
p r e s e n t  s t u d y  a r a t h e r  b ro ad  resona nce  ( l i n e w i d t h - v »  220 Hz) was
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o b s e rv e d  u nde r  magic  a n g le  c o n d i t i o n s  a t  126 ,8  p . p . m .  U n f o r t u n a t e l y ,  
a t h o r o u g h  i n v e s t i g a t i o n  o f  t h i s  compound was n o t  made w i t h  p a r t ­
i c u l a r  r e f e r e n c e  t o  th e  Type "A "  and Type " B "  s t u d i e d  by Raman 
s p e c t r o s c o p y .  S t a t i c  measurements have a l s o  been r e p o r t e d  f o r  
v a r i o u s  Lew is  a c i d  complexes o f  M e^ P C l^ ^C l "  and have th e  f o l l o w i n g  
s h i f t  v a l u e s ;  119 .3  ( S b C l ^ " ) ^ ^ ^ ^  120 .9  ( I C I ^ " ) ^ ^  117.7  ( A u C l ^ " )  
and 121 -  1 ( I C I ^ " ) ^  The MAR NMR o f  Me2P C l2^ B C l ^ "  showed a
sh a rp  re so na nce  a t  121.3  p . p . m .  ( 1 1 9 . 5  -  2 s t a t i c  measurement  ) 
whereas i n  Me2PC l2 c a t i o n i c  r esona nce  was o b s e rv e d  a t
125 .0  p . p . m .  as compared w i t h  a 124 .2  p . p . m .  s t a t i c  r e s u l t ^ ^ * ^ ^  No 
MAR s t u d i e s  were p e r fo r m e d  on Me2PBr2^ B r 2 o r  d e r i v a t i v e s  th ough 
p r e v i o u s  s t a t i c  r e s u l t s  showed a c h e m ic a l  s h i f t  o f  7 2 .6  p . p . m .  f o r  
Me2p B r 2* B r 2 and 7 0 . 9  p . p . m .  f o r  Me2PBr2^BBr^
The Me2p C l / B r 2 and M e 2 P C l /B r 2 / 3 C l2  r e a c t i o n  p r o d u c t s  a g a in  
31p r o v i d e  i n t e r e s t i n g  P s p e c t r a .  Deng has p r e v i o u s l y  s t u d i e d  the  
Me2P C l / B r 2 sys tem^^^  a s t a t i c  P sp ec t r um  gave a b road  reso na nce  
a t  112 .9  p . p . m .  w h i l s t  i n  o leum c h e m ic a l  s h i f t s  r e s u l t i n g  f r om  the
Me^PCl B r „  and v a r i o u s  s o l v o l y s i s  p r o d u c t s  were o b s e rv e d .
2 n 2—n
R e s u l t s  o b t a i n e d  i n  t h e  c u r r e n t  s t u d y  are  p r e s e n t e d  i n  T ab le  4 .2 2  
and th e  ^"'p NMR sp ec t r um  o f  a Me P C l / B r 2/ B C l 2 p r o d u c t  (ASM 41)  i s  
i l l u s t r a t e d  i n  F i g .  IV s .  I t  can be seen t h a t  shar p  re so nance s o c c u r  
o n l y  a f t e r  th e  a d d i t i o n  o f  a Lew is  a c i d  to  th e  M e ^ P C l /B r 2 r e a c t i o n ,  
c o n s i s t e n t  w i t h  th e  r e s u l t s  o b t a i n e d  i n  the  ana lo go u s  MePL'l2/ B r 2 
s y s te m .  There  a r e ,  how eve r ,  two n o t e w o r t h y  d i f f e r e n c e s
a)  The re p la c e m e n t  o f  an X a n io n  w i t h  a 3X^“  s p e c ie s  l e a d s  t o  a
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h i g h  f r e q u e n c y  s h i f t  i n  re sonance  f o r  t h e  Me.^PCl^'^ and
ne^PClBr '* ’ c a t i o n s  b u t  n o t  f o r  Me_P8r_* .  I n  t he  MePCl Br.,
 ^ Z. n 3—n
s e r i e s  t he  s h i f t  i n  reso na nce  dec reased  w i t h  i n c r e a s i n g  c a t i o n
b ro m in e  c o n t e n t  b u t  i n  th e  Me PCI Br^  s e r i e s  a c r o s s o v e rI  n 2 -n
p o i n t  i s  r e a c h e d ,  hence >5'(Me2PBr2'^X" ) >  \> (Me^PBr^ '^BX^ ' ) .
b )  I t  appears  t h a t  t h e r e  may be two d i s t i n c t  s e t s  o f  s h a rp  r e s o n ­
ances a s s o c i a t e d  w i t h  t h e  d i m e t h y l c h l o r o p h o s p h i n e / b o r o n  t r i ­
c h l o r i d e / b r o m i n e  sys te m.  (No te  B MAR i n d i c a t e s  B C l^ ”  to  be 
t h e  m a jo r  a n i o n  w i t h  t r a c e s  o f  B C l^ B r ”  i n  b o t h  o f  t h e s e  p r e ­
p a r a t i o n s  r e p o r t e d  i n  Tab le  4 . 2 2 ) ,  The two p r e p a r a t i o n s  s t u d i e d  
d i f f e r e d  o n l y  i n  o r d e r  o f  r e a g e n t  a d d i t i o n ;  i n  ASM 41 a Me^PCl /
B t 2 p r o d u c t  was r e a c t e d  w i t h  excess  BCl^  whereas i n  R7Q MegPCl
31and BClg were mixed p r i o r  t o  B r g .  The P NMR o f  ASM 41 p r o ­
duced sha rp  r esona nces a t  1 2 2 . 5 ,  9 9 .2  and 7 2 . 5  p . p . m .  w h i l s t  
f o r  R70 c o r r e s p o n d i n g  sh a rp  s h i f t s  were o b s e rv e d  a t  118,  9 5 .5  
and 6 9 .3  p . p . m .  Thus t h e r e  app ea rs  t o  be two d i s t i n c t  sha rp  
r eso na nce s  f o r  each c a t i o n  ( r e m i n i s c e n t  o f  o b s e r v a t i o n s  on the  
P C I^ /B C I^  /  B r 2 sy s te m)  b u t  a more d e t a i l e d  s t u d y  wou ld  be 
r e q u i r e d  t o  c o n f i r m  t h i s .
U n f o r t u n a t e l y  no ^^P MAR s t u d y  was p e r fo rm e d  on Me^PC l /  
Br^ /BBC^ r e a c t i o n  p r o d u c t s  t o  deduce w h e t h e r  the  r e p la c e m e n t  
o f  a c h l o r i n e  r i c h  BX^ a n io n  w i t h  a b ro m in e  r i o h  BX^ a n io n  
r e s u l t s  i n  a low f r e q u e n c y  s h i f t  i n  re so nance  ( c . f .  MePCl^ /  
B r_ /BX^  r e s u l t s ) .
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4 . 5 . C  Me^PX X and some d e r i v a t i v e s  (X = C l ,  B r )
P r e v i o u s  s t a t i c  measurements on Me^PCl^Cl  showed a reso na nce  
a t  87 -  4 p . p . m . a n d  the  c u r r e n t  ^^P MAR s t u d y  r e s u l t e d  i n  a 
b road  s h i f t  c e n t r e d  on 87 p . p . m .  For  Me^PB r^B r"  a s i n g l e  broad  
resonance  a t  7 1 .3  p . p . m .  was o b s e rv e d ,  compar ing  f a v o u r a b l y  w i t h  
e a r l i e r  s t a t i c  measurements ( 6 7 . 8  p . p . m . ) ^ ^  C o m p le x a t i o n  w i t h  
Lew is  a c i d s  seem to  i n d i c a t e  a s i m i l a r  c r o s s o v e r  to  t h a t  i n  t he  
Me^PX^^ d e r i v a t i v e s .  The c u r r e n t  P MAR s t u d y  o f  Me^PCl^BCl^
showed a c h e m ic a l  s h i f t  ( na r row  l i n e )  a t  89. '2 p . p . m .  w h i l s t  an
+ -  31
e a r l i e r  s t a t i c  sp ec t r um  o f  Me^PBr BBr^ i n d i c a t e d  a ^ 'P  r eso na nce
a t  6 4 . 5  p . p . m . ^ ^ i  Thus a h ig h  f r e q u e n c y  s h i f t  i n  re so nance  has 
o c c u r r e d  upon c o m p le x a t i o n  o f  t h e  c h l o r i d e  s p e c i e s  whereas the  
o p p o s i t e  has o c c u r r e d  i n  the  case o f  th e  b ro m id e .
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4 , 6  Summary
The f o l l o w i n g  summar ises  th e  main c o n c l u s i o n s  reached d u r i n g  
t h e  work on m e t h y l h a lo p h o s p h o r a n e s  and some d e r i v a t i v e s  d e t a i l e d  
i n  S e c t i o n s  4 ,1  to  4 . 5 ,
i )  The compounds MePCl^ and MePBr^ a r e ,  i n  th e  s o l i d  s t a t e ,  
i o n i c ,  w i t h  th e  f o r m u l a t i o n  MePX^^X".
The c a t i o n s  e x h i b i t  ^  symmetry  and show c h a r a c t e r ­
i s t i c  6 band Raman s p e c t r a  s p e c t r a .  C om p le x a t io n  w i t h  
Lew is  a c i d s  r e s u l t s  i n  h i g h  f r e q u e n c y  Raman s h i f t s  i n  th e  
c a t i o n  s p e c t r a ,
i i )  The MePCl2/ B r 2 r e a c t i o n  y i e l d s  t he  f o l l o w i n g  c a t i o n s ;
MePCl^* ,  MePCl^Br'*’ , MePClBr2^ ,  and MePBr^* .
The mixed h a l i d e  c a t i o n s  show 9 band Raman s p e c t r a ,  
c h a r a c t e r i s t i c  o f  C^ p o i n t  g ro up  symme try ,  and a re  a f f e c t e d  
by c o m p le x a t i o n  w i t h  Lewis  a c i d s  i n  a s i m i l a r  way to  the  
MePCl^"*” and MePBr^* i o n s ,
i i i )  D e p o s t i o n  a t  15K f rom th e  gas phase o f  MePC^ g i v e s  a t r i g o n a l  
b i p y r a m i d a l  s p e c i e s  o f  C^ symmetry  t h a t  changes to  t he  
no rma l  r o o m - t e m p e r a t u r e  MePCl^^Cl  a t  a bo u t  150K. I t  was 
n o t  p o s s i b l e  to  deduce the  gas phase s t r u c t u r e  o f  MePBr^ 
due to  e x p e r i m e n t a l  d i f f i c u l t i e s .
T 1
i v )  C h a r a c t e r i s t i c  s o l i d  s t a t e  "  P NMR s h i f t s  were o b t a i n e d  f o r
t h e  MePCl B r -  c a t i o n s  w i t h  b o t h  s i n g l e  h a l i d e  and p o l y -  
n 3 -n
a t o m ic  a n ion s  und er  magic  a n g le  r o t a t i o n .  I n  g e n e r a l
3-1
s i g n i f i c a n t l y  b r o a d e r  ‘ P r esona nces were o b t a i n e d  i n  t he  
p re sen ce  o f  s i n g l e  h a l i d S a n i o n  th an  when a p o l y a t o m i c  a n io n  
was p r e s e n t .
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\j) The compounds Me PCI-  and Me-PBr_ (z  = 3 o r  5 )  a re  i o n i c
i n  th e  s o l i d  i o n i c  w i t h  the  f o r m u l a t i o n  Me^PX^ x“. The
—  A .
c a t i o n s  e x h i b i t  C ^ y  symmetry and have 9 Raman a c t i v e  f u n d ­
a m e n t a l s ,  Some Raman e v id e n c e  s u g g e s ts  t he  e x i s t e n c e  o f  
two m o d i f i c a t i o n s  o f  Me2PCl2 * C o m p le x a t i o n  w i t h  Lewis  
a c i d s  r e s u l t s  i n  h i g h  f r e q u e n c y  s h i f t s  i n  th e  c a t i o n  s p e c t r a ,  
v i )  The Me2P C l / B r 2 r e a t i o n  y i e l d s  th e  f o l l o w i n g  c a t i o n s ;
Me2PC l2 , Me2PClBr  and Me2PBr2^ w i t h  the  mixed h a log en
m o i e t y  e x h i b i t i n g  Cg symmetry  w i t h  9 Raman a c t i v e  f u n d a m e n t a l s ,
31v i i )  Under  magic  a n g le  r o t a t i o n ,  s o l i d  s t a t e  P NMR s p e c t r a  were
o b t a i n e d  f o r  th e  Me.PCl  Br_ ^ c a t i o n s  and b r o a d e r  resonances2 n 2 -n
were obs e rv e d  when an X a n io n  r e p l a c e d  a BX^ s p e c i e s .
v i i i )  The compounds Me^PCl2 Me2PB r2 i n  t h e  s o l i d  s t a t e  may be
+ —
f o r m u l a t e d  as Me^PX X w i t h  th e  c a t i o n s  p o s s e s s in g  C ^ ^  p o i n t  
g roup symmetry and showing o h a r a c t e r i s t i c  6 band Raman s p e c t r a .  
When r e a c t e d  w i t h  Lew is  a c i d s ,  i o n i c  complexes a re  fo rmed 
and some h ig h  f r e q u e n c y  s h i f t s  o c c u r  i n  th e  c a t i o n i c  Raman 
s p e c t r a .
i x )  S o l i d  s t a t e  ^^P NMR reso na nces  were o b t a i n e d  f o r  M e^ P C l^ C l " ,  
Me^PB r^B r"  and some d e r i v a t i v e s .  B ro ad e r  re sonances  were 
o b t a i n e d  when the  c o u n t e r  i o n  was a s i n g l e  h a l i d e  a n io n  
r a t h e r  t han  a p o l y a t o m i c  s p e c i e s .
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CHAPTER 5 
EXPERIMENTAL
5,1  C he m ic a l s
I n  g e n e r a l  r e a g e n t s  o f  t he  b e s t  a v a i l a b l e  c om m erc ia l  g rade  
were used w i t h o u t  f u r t h e r  p u r i f i c a t i o n .  However ,  th e  f o l l o w i n g  
p r o c e d u r e s  were adop ted  when n e c e s s a r y :
i )  H a lo ge na te d  s o l v e n t s  were d r i e d  o v e r  c a l c i u m  c h l o r i d e  o r
a c t i v a t e d  a S mesh m o l e c u l a r  s i e v e s ,
i i )  A lum in iu m  t r i c h l o r i d e  was c rush ed  und er  d r y - b o x  c o n d i t i o n s
p r i o r  t o  use.
i i i )  A lum in iu m  t r i b r o m i d e  was r e - c r y s t a l l i z e d  f rom hexane and 
s t o r e d  i n  ampoules  u n l e s s  f o r  immedia te  use,
i v )  Te t ra e thy lam m on iu m  c h l o r i d e  was r e - c r y s t a l l i z e d  f rom  e t h a n o l
( 1 )by th e  a d d i t i o n  o f  d i e t h y l  e t h e r  , d r i e d  i n  an oven a t  
50°C f o r  s e v e r a l  h o u r s ,  and s t o r e d  i n  a vacuum d e s i c c a t o r  
o v e r  F^Og.
v )  Boron t r i c h l o r i d e  (M a th eson-Cam br ia n  Gases) was condensed
f rom  t h e  l e c t u r e  b o t t l e  i n t o  t a r e d  ampoules u s in g  a s a l t /  
i c e  b a th  and t h en  s t o r e d  und er  r e f r i g e r a t i o n  u n t i l  use.  
v i )  Hydrogen c h l o r i d e  was g e n e r a t e d  as r e q u i r e d  (see S e c t i o n  
3 . 3 )  and d r i e d  by passage th ro u g h  a d re s c h e l  b o t t l e  o f  
c o n c e n t r a t e d  s u l p h u r i c  a c i d .
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v / i i )  Hydrogen bromide ( 8 * 0 . H. 9 9 . 8 / )  was used as r e q u i r e d
f r om  th e  l e c t u r e  b o t t l e ,
v i i i )  C h l o r i n e  (B .O .C ,  S p e c i a l  Gases) was used d i r e c t l y  f rom
th e  c y l i n d e r .
i x )  T em pera tu res  o f  a p p r o x i m a t e l y  0°C were m a i n t a i n e d  by a
s a l t / i c e  b a th  and t e m p e r a t u r e s  o f  - 7 8  t o  -8G°C r e q u i r e d  
th e  use o f  a s o l i d  CO^ /acetone m i x t u r e .  O th e r  temp era ­
t u r e s  were a c h ie v e d  w i t h  th e  use o f  t he  a p p r o p r i a t e  l i q u i d
N ^ / o r g a n i c  s o l v e n t  s l u s h  b a th ( 2 )_
X ) M ^ h y lp h o s p h in e s  were purchased  f r om  St rem C h e m ic a l s ,
U .S . A .  and used w i t h o u t  f u r t h e r  p u r i f i c a t i o n .
5 . 2  GENERAL METHODS OF PREPARATION OF PRODUCTS AND HANDLING OF 
MATERIALS
The compounds d e s c r i b e d  i n  t h i s  work  r e q u i r e d  th e  use o f  
s t r i c t l y  a nh yd rous  c o n d i t i o n s  d u r i n g  b o t h  p r e p a r a t i o n  and a n a l y s i s  
due t o  t h e i r  s u s c e p t i b i l i t y  to  h y d r o l y s i s ) .  The a l k y l h a l o p h o s p h i n e s  used 
were a l s o  s u s c e p t i b l e  t o  a e r i a l  o x i d a t i o n  ( d im e t h y l c h o r o p h o s p k ^ u )  
s p o n t a n e o u s l y  ' I n f l a m e s  i n  a i r )  so a l l  r e a c t i o n s  were c a r r i e d  o u t  
u nd e r  an a tmosphe re  o f  o x y g e n - f r e e  n i t r o g e n  ( B . O . C . ) .  A l l  p r o d u c t s  
and many o f  t he  s t a r t i n g  m a t e r i a l s  were m a n ip u la t e d  i n  a g l o v e - b o x  
o f  n i t r o g e n  c o n t a i n i n g  open v e s s e l s  o f  P^O^ to  ensure  c o m p le te  d r y ­
n es s .  A l l  g la s s w a r e  used i n  p r e p a r a t i o n s  was d r i e d  i n  an oven a t  
120°C f o r  a t  l e a s t  3 hou rs  and t h en  p e r m i t t e d  to  c o o l ,  e i t h e r  i n  a
2 2 e
g l o v e —b o x ,  o r  und er  a g e n t l e  s t r ea m  o f  n i t r o g e n  u n t i l  r e q u i r e d .
A l l  f i l t r a t i o n s  were c a r r i e d  o u t  i n  t h e  a bs ence -  o f  m o i s t u r e  
u s i n g  t h e  a p p a r a t u s  i l l u s t r a t e d  i n  F ig  V-1 .  N i t r o g e n  b lown  i n t o  
t h e  u p p e r  chamber was s u f f i c i e n t  to  m a i n t a i n  a d r y  a tmosphere  
d u r i n g  a d d i t i o n  o f  th e  r e a c t i o n  m i x t u r e  and p r o d u c t s  were d r i e d  by 
s u c t i o n  a f t e r  s e a l i n g  t he  u n i t .  The d r y i n g  o f  p r o d u c t s  a t  th e  
pump r e q u i r e d  some c a u t i o n  to  ensu re  t h a t  no d e c o m p o s i t i o n  o c c u r r e d ,  
e s p e c i a l l y  when h e a v i l y  b ro m in a te d  s p e c ie s  were i n v o l v e d ,
5 . 3  PREPARATIONS IN ANHYDROUS HYDROGEN CHLORIDE AND HYDROGEN BROMIDE
3
The a d d i t i o n  o f  c o n c e n t r a t e d  h y d r o c h l o r i c  a c i d  (150 cm ) to
3
c o n c e n t r a t e d  s u l p h u r i c  a c i d  (300 cm ) was used t o  g e n e r a t e  hydr og en
c h l o r i d e  gas .  T h i s  was t h en  passed t h ro u g h  a d r y i n g  t r a p  c o n t a i n i n g
c o n c e n t r a t e d  s u l p h u r i c  a c i d  and a s p l a s h  t r a p  t o  p r e v e n t  any
s u l p h u r i c  a c i d  f r om  b e in g  c a r r i e d  o v e r .  The sys tem i s  i l l u s t r a t e d
i n  F ig  V.2  and f u l l  d e t a i l s  o f  th e  r e a c t i o n  v e s s e l  and i t ' s  man-
( 3 )i p u l a t i o n  a re  g i v e n  e l sew he re  . The same g e n e r a l  sys tem was 
used f o r  r e a c t i o n s  i n  anhydrous hydrog en  b ro m ide  e x c e p t  t h a t  
t h e  gas was condensed d i r e c t l y  f rom  the  l e c t u r e  b o t t l e  w i t h o u t  
passage t h r o u g h  c o n c e n t r a t e d  s u l p h u r i c  a c i d .  A lso  th e  s o l i d  
hyd rog en  b romid e  was l i q u e f i e d  w i t h  an n - b u t y l  a c e t a t e / N ^  s l u s h  
b a t h  ( - 7 7 ° C )  whereas a t o l u e n e / N 2 s l u s h  ( - 9 5 ° C )   ^ was
used f o r  th e  l i q u e f a c t i o n  o f  s o l i d  hydrog en  c h l o r i d e .
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5 . 4 . a .  HALIDE ANALYSES
These a n a ly s e s  were p e r fo rm ed  p o t e n t i o m e t r i c a l l y  f o l l o w i n g  
h y d r o l y s i s .  The g e n e r a l  p ro c e d u r e  adopted  was as f o l l o w s :
A p p r o x i m a t e l y  O . l g  o f  th e  sample was p la c e d  i n t o  a p r e ­
w e ig h e d ,  d r i e d ,  sample tube  i n  th e  g l o v e - b o x .  The tube  was 
t h e n  a c c u r a t e l y  r e - w e ig h e d  and the  sample  w e i g h t  was known by 
d i f f e r e n c e .  "The cap o f  t h e  t ube  was t h en  c a r e f u l l y
l o o s e n e d  and th e  who le  t h i n g  was dropped i n t o  a c o n i c a l  f l a s k
3
c o n t a i n i n g  40 cm o f  d i s t i l l e d  w a t e r  i n  wh ich  had been d i s s o l v e d  
two o r  t h r e e  p e l l e t s  o f  A n a l a r  sodium h y d r o x i d e .  The f l a s k  was 
th e n  q u i c k l y  s t o p p e r e d  and shaken to  expose the  c o n t e n t s  o f  th e  
sample  tu be  to  th e  aqueous base .  Care was ta k e n  to  ensu re  no 
l o s s  o f  th e  a c i d  gases pro du ced  and th e  c o n i c a l  f l a s k  was i n t e r ­
m i t t e n t l y  shaken f o r  abou t  20 m in u t e s  to  ensu re  t h e i r  com p le te  
a b s o r p t i o n .  Then,  i f  n e c e s s a r y  t h e  m i x t u r e  was hea ted  t o  r e f l u x  
f o r  a bo u t  30 m in u t e s  t o  g i v e  a c l e a r  s o l u t i o n ,  i n d i c a t i n g  c o m p le te  
h y d r o l y s i s .  A f t e r  c o o l i n g ,  th e  m i x t u r e  was t r a n s f e r r e d  to  a 
b e a k e r  and 150 cm^ o f  a c e t a t e  b u t t e r  (pH4)  were added the
3
s o l u t i o n  was s u b s e q u e n t l y  t i t r a t e d  w i t h  0 .1  mol dm s i l v e r  
n i t r a t e  s o l u t i o n  u s in g  a s i l v e r  e l e c t r o d e .
A p l o t  o f  t i t r e  volume a g a i n s t  v o l t a g e  produced a c u rv e  as 
i l l u s t r a t e d  i n  F ig  V . 3 .  From th e  volume o f  s i l v e r  n i t r a t e  a t  
th e  i n f l e c t i o n  p o i n t  the  h a l i d e  c o n t e n t  was d e t e r m i n e d ,  when
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b o t h  b ro m id e  and c h l o r i d e  were p r e s e n t  two i n f l e c t i o n s  o c c u r r e d ,  
t h e  b ro m ide  b e in g  a t  the  l o w e r  v o l t a g e  s i n c e  the  s o l u b i l i t y  
p r o d u c t  c f  s i l v e r  b romide i s  l e s s  th an  t h a t  o f  s i l v e r  c h l o r i d e .  
D u r i n g  th e s e  t i t r a t i o n s  s o l u t i o n s  were k e p t  s t i r r i n g  to  ensu re  
t h o r o u g h  m ix i n g  and l i g h t  was e x c lu ded  because o f  th e  p h o t o ­
s e n s i t i v e  n a t u r e  o f  some s i l v e r  s a l t s .
An a lyse s  o f  compounds c o n t a i n i n g  a n t i m on y  were c a r r i e d  o u t  
by  t h e  same method e x c ep t  t h a t  a f t e r  a l k a l i n e  h y d r o l y s i s ,  th e  
s o l u t i o n  was hea ted  under  r e f l u x  u n t i l  c l e a r ,  where t r i b r o m i d e  
i o n s  were s u s p e c t e d ,  th e  h y d r o l y s a t e  was s a t u r a t e d  w i t h  s u l p h u r  
d i o x i d e  and hea ted  under  r e f l u x  f o r  abo u t  4 hou rs  to  ensure  
c o m p le t e  c o n v e r s i o n  o f  ha logen  p r e s e n t  to  h a l i d e  i o n .
A l l  a n a ly s e s  were p e r fo rm ed  a t  l e a s t  i n  d u p l i c a t e  and 
c a r r i e d  o u t  as soon as p o s s i b l e  a f t e r  sample p r e p a r a t i o n  owing 
t o  t h e i r  h y d r o l y t i c  i n s t a b i l i t y ,
5 . 4 . b  ANALYSIS FOR 30RGN, PHOSPHORUS AND CHLORINE IN THE COMPOUND
D u r i n g  t h i s  i n v e s t i g a t i o n  i t  became n e c e s s a ry  t o  d e v i s e  a 
s i m p l e  t i t r i m e t r i c  t e c h n i q u e  t o  a n a l y s e  a c c u r a t e l y  f o r  th ese  
t h r e e  e le m e n ts  i n  o r d e r  t h a t  compounds o f  s i m i l a r  s t o i c h i o m e t r y  
c o u l d  be d i s t i n g u i s h e d .  T h i s  a p p l i e d  to  th e  d i f f e r e n t i a t i o n  
between (PCi / b C I / " )  a n d f f F C l ^ ^ j ^ B C l ^ ' C l " )  and the  h y p o t h e t i c a l
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( ^ ^ ^ 4  whose s t o i c h i o m e t r i e s  a re  p re s e n t e d  i n
T ab le  5 . 1 .
An a c c u r a t e l y  weighed sample ( c . a .  1 . 2 5 g )  was h y d r o l y s e d  
i n  t h e  manner  d e s c r i b e d  e a r l i e r  and when a l l  th e  a c i d i c  gases
were a b s o rb e d ,  t he  s o l u t i o n  was d i l u t e d  t o  250 cm w i t h  d i s -
3t i l l e d  w a t e r .  A 25 cm a l i q o o t  was then  t i t r a t e d  w i t h
3
Ü.1 mol  dm AgNOg s o l u t i o n  i n  th e  u s u a l  manner (A.g e l e c t r o d e )
2
t o  d e t e r m i n e  th e  c h l o r i d e  c o n t e n t  A s e p a r a t e  25 cm
3
a l i q u o t  was t h en  t i t r a t e d  w i t h  s t a n d a r d i z e d  A r i s t a r  0 .1  mol dm 
NaOH s o l u t i o n  ( g l a s s  e l e c t r o d e ) .  Assuming th e  h y d r o l y s i s  p r o ­
d u c t s  to  be h y d r o c h l o r i c  a c i d ,  b o r i c  a c i d  and p h o s p h o r i c  a c i d ,  
t h e  f o l l o w i n g  e q u a t i o n  may be w r i t t e n ;
P^BCl^^ + IIH2O  ^ 13HC1 + BfOH)] + 2H2P0^
A t y p i c a l  h y d r o x i d e  t i t r a t i o n  c u r v e  i s  i l l u s t r a t e d  i n  
F i g  V . 4 .  The f i r s t  i n f l e x i o n  c o r r e s p o n d s  t o  a s u p e r i m p o s i t i o n  
o f  t he  HCl and H^PO^ h '^+H^PO^” ) € n d  p o i n t s  and y i e l d s
U V was o b t a i n e d  p r e v i o u s l y  f rom  the  AgNO t i t r a t i o n
P+Cl Cl
so Up may be deduced.  When a f u r t h e r  volume o f  h y d r o x i d e  e q u a l
t o  Up was added an i n d i s t i n c t  i n f l e c t i o n  c o r r e s p o n d i n g  t o  th e
+  2-
second p h o s p h o r i c  a c i d  end p o i n t  ( h^PO^ ^ +HPO^ ) was ob­
s e r v e d .  At  t h i s  p o i n t  m a n n i t o l  was added to  th e  s o l u t i o n  to  
complex w i t h  the  v e r y  weak b o r i c  a c i d  and a d d i t i o n  o f  f u r t h e r  
h y d r o x i d e  y i e l d e d  the  f i n a l  end p o i n t  ( N o t e :  th e  t h i r d
TABLE 5.1
STOICHIOMETRY OF SOME PHOSPHDRUS/BDREn CHLORIDES
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G e n e ra l  Formula ^C1 P;B C1;P
PBCIr 9 .53 3 .3 2 87.15 1 8
^ 2 8 : 1 1 3 11.62 2 .02 86.36 2 6 .5
P3 BC118
12.54 1.46 86.00 3 6
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p h o s p h o r i c  a c i d  end p o i n t  i s  too  weak to
o b s e r v e ) .  As \}  ^ had been deduced p r e v i o u s l y ,  y i e l d e d
V/g, and hence the  sample was c o m p l e t e l y  d e t e rm in e d ,
5 . 5 .  RAMAN SPECTROSCOPY
The samples  f o r  Raman s p e c t r o s c o p y  were c o n t a i n e d  i n  g l a s s  
c a p i l l a r y  t u b e s .  These tu be s  were t h o r o u g h l y  p re —d r i e d  i n  th e  
o v e n ,  l o a de d  i n  a d r y - b o x  and t e m p o r a r i l y  s to p p e r e d  w i t h  p l a s t i -  
cene u n t i l  t h e y  were removed and p e r m a n e n t l y  s e a le d  w i t h  a f l a m e .  
D e s p i t e  th e s e  p r e c a u t i o n s  some o f  the  more u n s t a b l e  p r o d u c t s  
s t i l l  decomposed w i t h i n  a few weeks.
The s p e c t r a  were rec o rd ed  u s in g  a d oub le -m onoch rom ato r  
Coderg P.H .O .  s p e c t r o m e t e r  w i t h  e x c i t a t i o n  p r o v id e d  by e i t h e r  a 
Coherent  R a d i a t i o n  k r y p t o n  l a s e r  a t  647.1  nm o r  an a rgon  l a s e r  ab  
5 1 4 . 5  nm. The argon l a s e r  was o c c a s i o n a l l y  used to  d r i v e  a 
Coherent  f f e d ia t i o n  599 dye l a s e r  w i t h  rhodamine 90 as t h e  dye.
The l a s e r  power was k e p t  as low as p o s s i b l e  to  p r e v e n t  p o s s i b l e  
p h o t o d e c o m p o s i t i o n  o f  samples .  A l o w - n o i s e ,  p e l t i e r  c o o l e d  
p h o t o m u l t i p l i e r  was used and the  s i g n a l  a m p l i f i e d  by a D.C. 
a m p l i f i e r .  The f o l l o w i n g  o p e r a t i n g  p a ram ete rs  were g e n e r a l l y
used w i t h  th e  D.C. a m p l i f i e r ;
A m p l i f i e r  a t t e n u a t i o n  3
A m p l i f i e r  t i m e  c o n s t a n t  4
— 1
S l i t  w i d t h  2 o r  4 cm
P h o t o m u l t i p l i e r  v o l t a g e  1000-2000 V
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C h a r t  speed)
'  20 cm” V c m
Scan speed )
V a r i a b l e  t e m p e r a t u r e  Raman s t u d i e s  (am b ie n t  150°C) were p e r ­
f o rm ed  u s i n g  a m o d i f i e d  Cgderg c o l d - c e l l  i l l u s t r a t e d  i n  F ig  V .5 .
The b o t t o m  o f  t h e  sample h o l d e r  was m i l l e d  so as to ensure  a r e a s o n a b l y  
c l o s e  f i t  w i t h  th e  sample tube and th e  te m p e r a tu r e  was r e g u l a t e d  and 
m o n i t o r e d  u s i n g  a Beckman T . E . M . I ,  Temperature  C o n t r o l l e r .  However,  
even assum ing  good t h e r m a l  c o n t a c t  between h o l d e r  and sample ,  t h e r e  
a re  s e v e r a l  l i m i t i n g  f a c t o r s  g o v e rn in g  th e  e x a c t  sample t e m p e r a t u r e ; -
a )  The l o c a l i z e d  h e a t i n g  o f  the  sample by th e  i n c i d e n t  l a s e r  
r a d i a t i o n .
b )  The te m p e r a t u r e  g r a d i e n t  between the  top  and bot tom o f  th e  
sample  h o l d e r .
c )  The t e m p e r a t u r e  g r a d i e n t  ac ro ss  the  sample t u b e .  A check 
on th e  t e m p e r a tu r e  a t  the  t o p  o f  the  sample h o l d e r  was 
c a r r i e d  o u t  by p l a c i n g  a thermomete r  on top  o f  the  h e a t i n g  
b l o c k  and t h i s  i n d i c a t e d  the  t e m p e ra tu re  to  be a c c u r a t e  
w i t h i n  -  3°C. The samples were u s u a l l y  l e f t  f o r  abo u t  20 
m in u t e s  to  a l l o w  f o r  t e m p e r a t u r e  e q u i l i b r a t i o n  b e f o r e  s p e c t r a
were r e c o r d e d .
5 , 6  MATRIX ISOLATION AND LOW TEMPERATURE SUBLIMATION EQUIPMENT
M a t r i x  i s o l a t i o n  i s  now a w e l l  e s t a b l i s h e d  t e c h n i q u e  proposed 
by  P i m e n t e l  e t  a i  i n  1954 I t  was deve loped  to  h e lp  overcome
th e  d i f f i c u l t i e s  i n h e r e n t  i n  s t u d y i n g  h i g h l y  r e a c t i v e ,  s h o r t  l i v e d
2 ^
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o r  u n s t a b l e  s p e c i e s .  The method i n v o l v e s  th e  t r a p p i n g  o f  the  
m o l e c u l a r  o r  u n s t a b l e  s p e c ie s  i n  a r i g i d  cage formed by a l a r g e  
exc es s  o f  a c h e m i c a l l y  i n e r t  subs tance  ( t h e  m a t r i x )  a t  a v e r y  low 
t e m p e r a t u r e .  Such c o n d i t i o n s  se rve  to  reduce ( i )  the  d i f f u s i o n  o f  
t h e  r e a c t i v e  s p e c i e s  ( i i )  th e  r e a c t i o n  o f  such s p e c ie s  w i t h  t h e i r  
e n v i r o n m e n t  and ( i i i )  the  r a t e  o f  p o s s i b l e  i n t e r n a l  r e - a r r a n g e m e n t s .
Low t e m p e r a t u r e  s u b l i m a t i o n  has been used p r e d o m i n a n t l y  i n  
t h i s  work  because i t  o f f e r s  one advantage o v e r  c o n v e n t i o n a l  m a t r i x -  
i s o l a t i o n .  As no i n e r t  gas i s  used i t  a l l o w s  "warm up"  e x p e r im e n ts  
t o  be p e r fo rm e d  ( t o  amb ien t  o r  above i f  the  sample p e r m i t s )  thus  
e n a b l i n g  s t r u c t u r a l  t r a n s i t i o n s  to  be m o n i t o r e d  s p e c t r o s c o p i c a l l y .
The a p p a r a t u s  used i n  t h i s  s tu d y  i s  r e p re s e n t e d  s c h e m a t i c a l l y  
i n  F i g  1/.6. An A i r  P ro du c ts  L t d ,  D i s p l e x  Model  CS202 Closed Cyc le  
C r y o s t a t  u s i n g  l i q u i d  h e l i um  ach ieved  the  low te m p e r a tu r e s  r e q u i r e d  
and t h e s e  were m o n i t o r e d  u s in g  an A i r  P ro du c ts  APDG Tempera ture  
C o n t r o l l e r  c o n t a i n i n g  a s i l i c o n  d io de  s e n s o r .  T h i s  was checked a t  
t h e  A i r  P r o d u c ts  L td  L a b o r a t o r y ,  B r a c k n e l l ,  B e r k s h i r e ,  u s in g  a 
c a l i b r a t e d  p l a t i n u m  r e s i s t a n c e  the rm om ete r .
The vacuum sys tem r e q u i r e d  f o r  t h i s  a pp a ra tus  c o n s i s t e d  o f  an 
o i l  d i f f u s i o n  pump backed by a r o t a r y  pump. The m a n i f o l d  a r r a n g e -  
ment was d es ign ed  and man u fa c tu re d  i n  t h i s  l a b o r a t o r y  and had an 
a v e rag e  o p e r a t i n g  p re s s u r e  o f  10"^  t o r r  wh ich  was m o n i t o r e d  by a 
Penn in g  gauge.  The who le  u n i t  was mounted on a m o b i l e  f ramework
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Fig. V 7 Configuration of matrix isolation 
cold-head and the Raman spectrometer.
2^3
d e s i g n e d  so t h a t  t h e  c o ld  head c o u ld  be i n s e r t e d  I n t o  the  sample
c a w i t y  o f  t h e  Raman s p e c t r o m e t e r .  Th is  c o n f i g u r a t i o n  i s  i l l u s t r a t e d  
i n  F i g  V . 7 .
The norma l  t e m p e ra tu re  f o r  sample d e p o s i t i o n  was 14-20 K. 
Samples  were c o n t a i n e d  i n  g la s s  h o ld e r s  f i t t e d  w i t h  a R o t a f l o w  
t a p  and th e s e  were j o i n e d  to  the  c o ld  head by a s ta n d a rd  vacuum s e a l  
and 0— r i n g . S o l i d  samples were degassed by s low pumping and 
l i q u i d s  by t he  f r e e z e / t h a w  method. Argon (B .O .C .  High P u r i t y ) ,  
when r e q u i r e d  as t h e  m a t r i x  gas ,  was passed over  a c t i v a t e d  m o l e c u l a r  
s i e v e s  and though  a t r a p  a t  -80°C  p r i o r  to  c o - c o n d e n s a t io n  w i t h  the  
s a m p le .
5 . 7  SOLID STATE NflR SPECTROSCOPY
A l l  s o l i d  s t a t e  NMR s p e c t r a  were reco rded  by H r .  A. Root a t  
t h e  U n i v e r s i t y  o f  East  A n g l i a  i n  c o l l a b o r a t i o n  w i t h  P r o f e s s o r  
R. K.  H a r r i s .  Narrow l i n e w i d t h  s p e c t r a  o f  th e  s o l i d s  were o b t a i n e d  
u s i n g  th e  "Magi c  Angle R o t a t i o n "  (M .A .R . )  te c h n iq u e  wh ich  i s  d i s ­
cu ssed  b r i e f l y  be low .  Spec t ra  were reco rded  u s in g  e i t h e r  a U ar ian  
XL10Ü s p e c t r o m e t e r  w i t h  a N i c o l e t  m u l t i n u c l e a r  accesso ry  o p e r a t i n g  
a t  4 0 . 4  MHZ f o r  ^"^P and 32.1 MHZ f o r  ” b o r  f o r  o n l y  a B roke r  
CXP2Ü0 s p e c t r o m e t e r  o p e r a t i n g  a t  81 MHZ. V a r i a b l e  te m p e ra tu re
s t u d i e s  were per fo rm ed  on some samples.
U n t i l  r e c e n t l y ,  t he  m a j o r i t y  o f  magne t i c  resonance measurements 
on pho s ph o rus  (U) compounds s i m i l a r  to  those d e s c r i b e d  i n  t h i s  
t h e s i s  have e i t h e r  been on s o l u t i o n s  ^ - 1 0 )  ^n s t a t i c  s o l i d
s t a t e  samp les .  The s o l u t i o n  s t a t e  s p e c t r a  ( o f t e n  measured
i n  s t r o n g l y  a c i d i c  media)  gave resonances due t o  ha lophosphon ium
c a t i o n s  and v a r i o u s  s o l v o l y s i s ,  o x i d a t i o n  and h a l o g e n  exc ha ng e  
p r o d u c t s ,  D i l l o n  and G a te s  c h a r a c t e r i s e d  t h e  i o n s  P C l \ B r ^  ^ + 
( o ^ n ^ 4 )  by  means o f  s t a t i c  s o l i d  s t a t e  ^^P t h o u g h  t h e
r e s o n a n c e  p ea ks  were  f o u n d  t o  be q u i t e  b r o a d .  T h i s  was n o t  un­
e x p e c t e d  as d i p o l a r  and a n i s o t r o p i c  s h i e l d i n g  i n t e r a c t i o n s  u s u a l l y  
d o m i n a t e  s p e c t r a  i n  t h e  s o l i d  s t a t e .
I n  s o l i d s ,  a g e o m e t r i c  f a c t o r  i s  i n v o l v e d  i n  t h e  d i p o l a r  
h a m i l t o n i a n  and i s  r e s p o n s i b l e  f o r  l i n e  b r o a d e n i n g  w h e re a s  i n  n o n -  
v i s c o u s  l i q u i d s  I t h i s  f a c t o r  i s  a v e r a g e d  t o  z e r o  b e c a u s e  o f i s o t r o p i c  
m o l e c u l a r  t u m b l i n g .  I n  1 958 ,  A n d re w ,  B r a d b u r y  and E a d e s ^ ^ ^ ' ^ ^ ^  
used  t h e  t e c h n i q u e  o f  h i g h - s p e e d  r o t a t i o n  o f  s o l i d  s p e c i m e n s  t o  
s t u d y  n a r r o w i n g  e f f e c t s  on d i p o l a r  b r o a d e n e d  NMR s p e c t r a .  They 
o b s e r v e d  t h a t  t h e i r  s p e c t r a  w e re  s c a l e d  by  a f a c t o r  o f  | - ( 3 c o 2 - ^ - l )  
w he re  p  i s  t h e  a n g l e  b e tw e e n  t h e  a x i s  o f  sa m p le  r o t a t i o n  and t h e  
a p p l i e d  m a g n e t i c  f i e l d .  L a t e r  Andrew and Lowe i n d e p e n d ­
e n t l y  r e c o g n i s e d  t h a t  i f  p  = 5 4 °  4 4 ’ 8 " ,  coS p  = and ^  ( 3 cob p
-  1)  = 0 .  C o n s e q u e n t l y ,  as i n  t h e  c a s e  o f  n o n - v i s c o u s  l i q u i d s ,
t h e  d i p o l a r  i n t e r a c t i o n  i s  a v e r a g e d  t o  z e r o  so d i p o l a r  b r o a d e n i n g  
i s  r e m o v e d .  T h i s  a n g l e  i s  now known as t h e  " m a g i c  a n g l e "  and 
f u r t h e r  w o rk  on c r y s t a l l i n e  and amorpho us  s u b s t a n c e s  i n d i c a t e d  
t h a t  h i g h  sp eed  r o t a t i o n  a b o u t  t h i s  a x i s  c o u l d  remove b r o a d e n i n g  
a r i s i n g  f r o m  a n i s o t r o p i c  s h i e l d i n g  and s y m m e t r i c  e l e c t r o n - c o u p l e d
^45
n u c l e a r  s p i n  i n t e r a c t i o n s .  The r a t e  o f  r o t a t i o n  r e q u i r e d  t o  r e d u c e
t h e  d i p o l a r  i n t e r a c t i o n  t o  z e r o  has  t o  be g r e a t e r  t h a n  t h e  s t a t i c
l i n e w i d t h  i n  H e r t z  and t h e  same c r i t e r i o n  a p p l i e s  t o  t h e  r e m o v a l
o f  b r o a d e n i n g  due t o  c h e m i c a l  s h i f t  a n i s o t r o p y .
Thos MAR i s  r e a d i l y  a p p l i c a b l e  t o  i n v e s t i g a t e  b o t h  t h e  t e t r a -
h a l o p h o s p h o n i u m  c a t i o n s  and t h e  t e t r a h a l o b o r a t e  a n i o n s  i n  t h e  s o l i d
s t a t e  e s p e c i a l l y  as  t h e  b r o a d e n i n g  e f f e c t  o f  t h e  d i p o l e - d i p o l e
i n t e r a c t i o n  s h o u l d  be r e d u c e d  u n d e r  any  c i r c u m s t a n c e s  by  t h e  f a s t
r e l a x i n g  q u a d r u p o l a r  h a l o g e n  n u c l e i .  I n d e e d ,  v e r y  r e c e n t l y ,  H a r r i s  
( 18 )e t  a l  have o b t a i n e d  w e l l  d e f i n e d  s o l i d  s t a t e  r e s o n a n c e s  f o r
t h e  a n i o n  s e r i e s  B C l ^ B r ^  ^ ( 0 ^ n ^ 4 )  u s i n g  a s am p le  p r e p a r e d  i n
t h i s  l a b o r a t o r y .  More  d e t a i l e d  r e v i e w s  o f  MAR may be f o u n d  e l s e -  
whe re
5 . 8  PREPARATIVE SUBLIMATIONS
The b e h a v i o u r  o f  t h e  m ix e d  h a l o p h o s p h o n i u m  c a t i o n s  PCI B r , ^
n 4 - n
• ( 0 ^ n ^ 4 ) ,  w i t h  b o t h  s i n g l e  h a l i d e  and p o l y a t o m i c  a n i o n s , w a s  i n ­
v e s t i g a t e d  u n d e r  p r e p a r a t i v e  s u b l i m a t i o n  c o n d i t i o n s .  The a p p a r a t u s  
used i s  i l l u s t r a t e d  i n  F i g  V . 8 .  The s u b l i m a t i o n  t r a p  was h e l d  a t  
- 7 8 ° C  and t h e  s a m p le  t e m p e r a t u r e  was m a i n t a i n e d  by  an o i l  o r  w a t e r  
b a t h .  F o l l o w i n g  s u b l i m a t i o n ,  r e s i d u e s  and s u b l i m a t e s  were  m a n i p u l a ­
t e d  i n  t h e  g l o v e - b o x  p r i o r  t o  s p e c t r o s c o p i c  a n y a l y s i s i ,
5 . 9  PREPARATION OF COMPOUNDS BASED ON PHOSPHORUS HALIDES.
a )  M e t a s t a b l e  (Ph as e  I I I )  P h o s p h o r u s  p e n t a c h l o r i d e  ( PCl^"*” ) 2 P C l g ~ C l ”’ ) 
S e v e r a l  m e th od s  were  used t o  p r e p a r e  t h i s  compound.  The
21,6
Fig. V 8 Preparative sublimation
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( 2 1  )s t a n d a r d  method a d o p t e d  was t h a t  o f  F i n c h  e t  a l  and a
t y p i c a l  p r e p a r a t i o n  i s  g i v e n .  Normal  P C l ^  (S .OO g,  0 . 0 2 4  m o l )  
was d i s s o l v e d  i n  (70  cm^)  by  c o n t i n u a l  s t i r r i n g .  Then
B r ^  ( 0 . 7 5 g ,  0 . 0 0 4 7  m o l )  was added t o  t h i s  s o l u t i o n  w h i c h  on 
s t a n d i n g  y i e l d e d  g r e e n i s h - w h i t e  c r y s t a l s  w h i c h  were  f i l t e r e d  
u n d e r  d r y  and d r i e d  u n d e r  vacuum.  ( F o u n d ;  C l ,  8 5 .1 % ;  C a l c ,  
f o r  P C l ^ :  C l ,  8 5 .1 % )
A l t e r n a t i v e  m e th od s  f o u n d  t o  y i e l d  t h i s  compound w e r e : -
i )  The r e a c t i o n  o f  PC l^  and C l ^  i n  a n h y d r o u s  H C l .  
i i )  The r e c r y s t a l l i z a t i o n  o f  n o r m a l  P C l ^  f r o m  a n h y d r o u s  H C l .  
i i i )  The r e c r y s t a l l i z a t i o n  o f  n o r m a l  P C l ^  f r o m  e i t h e r  C C l ^ ,
CHClg o r  P C l g .  
i v )  The r e c r y s t a l l i z a t i o n  o f  P ^ C l g B r  f r o m  C H ^C l^ .
V ) The r e c r y s t a l l i z a t i o n  o f  n o r m a l  P C l ^  f r o m  CH2 C I 2 u n d e r  U .V .  
i r r a d i a t i o n .
b ) T ë t r a c h l o r o p h o s p h o n i u m  t e t r a c h l o r o b o r a t e  P C l ^ ^ B C l ^ "
( 2 2 )A m o d i f i c a t i o n  o f  t h e  me th od  o f  P e t r o  '  was used  f o r  t h i s  
p r e p a r a t i o n .  P C l ^  ( 4 . 0 0 g ,  0 . 0 1 9  m o l )  was d i s s o l v e d  i n  CH^Cl^
(60  cm ) w i t h  s t i r r i n g .  A s l i g h t  e x c e s s  o f  801^  ( 2 . 6 0 g ,  0 . 0 2 2  m o l )  
was added f r o m  an ampou le  and t h e  m i x t u r e  s t i r r e d  f o r  a f u r t h e r  
^ h r .  The r e s u l t a n t  w h i t e  p r e c i p i t a t e  was f i l t e r e d  u n d e r  d r y  N^, 
washed w i t h  ^ ^ ^ C l ^  and d r i e d  a t  t h e  pump. ( F o u n d :  8 , 3 . 3 % ;  P, 9 .6 % ;  
C l ,  8 7 .2 % ;  C a l c ,  f o r  P8C1 : B,  3 .3% ;  P, 9 .5 % ;  C l ,  8 7 . 2 % ) .
2^8
c )  T ë t r a c h l o r o p h o s p h o n i u m  h e x a c h l o r o a n t i m o n a t e  P C l . ^ S b C l ^  ^
( 23 )A m o d i f i c a t i o n  o f  t h e  m e th od  o f  B e a t t i e  and W e b s t e r
was u s e d .  P C l ^ ( 4 . 0 1 g ,  0 . 0 1 9 2  m o l )  was d i s s o l v e d  w i t h  s t i r r i n g  
3
i n  CH^Cl^  (50  cm ) .  An e x c e s s  o f  S b C l^  ( 7 . 4 0 g ,  0 . 0 2 5  m o l ,
3
3 . 2  cm ) was added d r o p w i s e  and t h e  m i x t u r e  s t i r r e d  f o r  a 
f u r t h e r  20 m i n s .  and t h e n  f i l t e r e d  u n d e r  N^ ,  washed w i t h  CH^Cl^  
and d r i e d  a t  t h e  pump. ( F o u n d ;  C l ,  6 9 . 6 % ; C a l c .  f o r  P S b C l ^ ^ ;  C l ,  
6 9 .8 % )
d )  P r e p a r a t i o n  o f  t h e  compound P ^ C l ^ B r
T h i s  was p r e p a r e d  by t h e  m e th od  o f  K o l d i t z  e t  a l  PC l^
3
( 8 . 2 5 g ,  0 . 0 6  m o l ,  5 . 2 5  cm ) was su s p e n d e d  i n  a r s e n i c  t r i c h l o r i d e
3 3
(8 cm ) and t h e  B r ^  ( 4 . 8 0 g ,  0 . 0 3 1  m o l ,  1 . 5 5  cm ) was added  d r o p -  
w i s e  w i t h  s t i r r i n g  and c o o l i n g  i n  an i c e  b a t h .  A p a l e  y e l l o w  
p r e c i p i t a t e  f o rm e d  and was f i l t e r e d  u n d e r  washed w i t h  b enzene
and d r i e d  a t  t h e  pump. ( F o u n d ;  C l ,  6 9 .4 % ;  B r ,  17 .2%;  C a l c ,  f o r  
P g C l g B r ;  C l ,  6 9 .2 % ;  B r ,  17 .3%)
e )  T ë t r a c h l o r o p h o s p h o n i u m  t e t r a c h l o r o a l u m i n a t e  PC1^*A1C1^~
T h i s  compound was p r e p a r e d  by  a m o d i f i c a t i o n  o f  P e t r o ' s  
(  2 2  )
m ethod  . P C l ^  ( 7 . 6 5 g ,  0 . 0 3 6 7  m o l )  was d i s s o l v e d  i n  CH^Cl^
3
60 cm ) w i t h  s t i r r i n g .  To t h i s  was added A l C l ^  ( 4 . 9 0 g ,  0 . 0 3 6 7  
m o l )  f r o m  a s o l i d  a d d i t i o n  t u b e  and t h e  m i x t u r e  s t i r r e d  f o r  a b o u t  
2 h r s  u n t i l  no u n r e a c t e d  a l u m i n i u m  t r i c h l o r i d e  was v i s i b l e .  The 
g r e y / w h i t e  p r e c i p i t a t e  was t h e n  f i l t e r e d ,  w a s h e d ,  and d r i e d  a t  
t h e  pump i n  t h e  u s u a l  m an ne r .  ( F o u n d ;  C l ,  8 2 .3 % ;  C a l c ,  f o r  
P A l C l p ;  C l ,  8 3 .0 % )
2^9
f )  T e t r a b r o m o p h o s p h o n i u m  t e t r a b r o m o b o r a t e  P B r . ^ B B r . ”---------------------- c.-----— --------------------------------------— 4 4
T h i s  method  was p r e p a r e d  by  a m o d i f i c a t i o n  o f  t h a t  d e s -
( 3 )c r i b e d  i n  R y a n ' s  t h e s i s  . P B r^  (S.GO g,  0 . 0 1 1 6  m o l )  was
d i s s o l v e d  i n  CH2 C I 2 (50  cmP) and t o  t h i s  was added BB r^  ( 2 . 9 0 g ,
3 30 . 0 1 6  m o l ,  1 .1  cm ) suspe nd ed  i n  15 cm o f  t h e  same s o l v e n t .
The r e s u l t a n t  y e l l o w  p r e c i p i t a t e  was f i l t e r e d  u n d e r  1^2, washed
w i t h  CH2 C I 2 and d r i e d  a t  t h e  pump. ( F o u n d ;  B r ,  9 3 .6 % ;  C a l c .
f o r  P B S r ^ ;  B r ,  9 4 .0 % )
g ) P r e p a r a t i o n  o f  t h e  compound ( P C l ^  ) 2 "*"b C1^ C l
P C l^  ( I 5 . 0 3 g ,  0 . 1 0 9  m o l )  was s u s p e n d e d  i n  a r s e n i c  t r i -  
3
c h l o r i d e  ( 35  cm ) i n  a t h r e e - n e c k e d  r o u n d  b o t t o m e d  f l a s k .  BC l^  
( 6 . 4 3 g ,  0 . 0 5 4 7  m o l )  was added t o  t h i s  and t h e  m i x t u r e  s t i r r e d  
f o r  5 m i n s .  Then ,  w i t h  c o n t i n u e d  s t i r r i n g ,  a g e n t l e  s t r e a m  o f  
c h l o r i n e  was pas sed  o v e r  t h e  s u r f a c e  o f  t h e  m i x t u r e  f o r  ^  h r .  
I n i t i a l l y  no r e a c t i o n  a p p e a re d  to  o c c u r  d u r i n g  t h i s  s t a g e  b u t  
a f t e r  5 m in s  t h e  s o l u t i o n  s t a r t e d  f u m i n g  and a v e r y  e x o t h e r m i c  
r e a c t i o n  commenced n e c e s s i t a t i n g  t h e  a d d i t i o n  o f  more s o l v e n t  
( 20  cm^)  and c o o l i n g  t o  0 °C .  A w h i t e  p r e c i p i t a t e  was f o rm e d  
and t h e  m i x t u r e  was s t i r r e d  and c o o l e d  f o r  a f u r t h e r  20 m in s  
a f t e r  t h e  a d d i t i o n  o f  c h l o r i n e  was c o m p l e t e .  The p r o d u c t  was 
f i l t e r e d  u n d e r  N2 , washed w i t h  A s C l ^  and pumped u n t i l  s o l v e n t  
f r e e .  ( F o u n d ;  P, 11 .7%;  B,  2 .0 % ;  C l ,  8 6 .1 % ;  C a l c ,  f o r  F ^ B C l ^ ^ :  
P, 1 1 . 6 ^ ;  8 ,  2 .0% i C l ,  8 6 .4 % )
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The same p r o d u c t  ( i d e n t i f i e d  by  Raman s p e c t r o s c o p y )  was 
o b t a i n e d  by  t h e  r e a c t i o n  o f  2PC1^ + BC l^  + C l ^  i n  a n h y d r o u s  
HCl and by t h e  same r e a c t i o n  i n  SGCl^ a l t h o u g h  t h i s  p r e p a r a t i o n  
s u c c e e d e d  o n l y  once  i n  f o u r  a t t e m p t s ,
h )  A t t e m p t e d  p r e p a r a t i o n s  o f  compounds a n a l o g o u s  t o
BCl  " C l ”
4
S e v e r a l  u n s u c c e s s f u l  a t t e m p t s  were  made t o  p r e p a r e  compounds 
a n a l o g o u s  t o  (PC1^ ^ ) 2 8 C1 ^ C l  ( s e e  5 . 9 . F ) .  These a t t e m p t e d  
p r e p a r a t i o n s  a r e  s u m m a r i s e d  i n  T a b l e  5 , 2 ,  
i )  A t t e m p t e d  p r e p a r a t i o n s  o f  ( P C l ^ ^ ) 2 B C l ^ " C l "  m ix e d  h a l i d e
a n a l o g u e s
A g a i n  m os t  o f  t h e s e  p r e p a r a t i o n s  w e re  u n s u c c e s s f u l  b u t  
t h e y  a r e  d o c u m e n t ed  i n  T a b l e  5 , 3 ,  
j )  U n s u c c e s s f u l  a t t e m p t s  a t  p r e p a r i n g  t h e  compound ( P C l ^ ^ ) ^
O t h e r  u n s u c c e s s f u l  a t t e m p t s  t o  s y n t h e s i s e  t h i s  compound were  
i n v e s t i g a t e d  and w i l l  now be g e n e r a l l y  l i s t e d .
1 ) The a d d i t i o n  o f  B C l ^  t o  a s o l u t i o n  o f  P C l ^  i n  ( 1 : 2
m o l a r  r a t i o )  w i t h  a d r o p  o f  B r ^  p r e s e n t  -  i e  a d d i n g  t h e
L e w is  a c i d  t o  a m e t a s t a b l e  P C l ^  p r e p a r a t i o n .  These
+ _
r e a c t i o n s  a l w a y s  y i e l d e d  PC l^  8C1^ .
2 ) The r e a c t i o n  o f  PC l^  and B C l^  ( 2 : 1  m o l a r  r a t i o )  and C l ^  i n  
C H ^C l^ .  T h i s  a lw a y s  r e s u l t e d  i n  t h e  p r o d u c t i o n  o f  P C l^
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3 )  The r e a c t i o n  o f  PC l^  and BC l^  ( 2 : 1  m o l a r  r a t i o )  i n  CH^Cl^
and C C l^ .  T h i s  a lw a y s  gave  PC l^  BCl^  as th e  p r o d u c t ,
A) The i n t e r a c t i o n  o f  a s o l u t i o n  o f  PC l^  i n  CH^Cl^ w i t h
PC l^  8C1^ suspend ed  i n  t h e  same s o l v e n t .  The Raman
s p e c t r u m  o f  t h e  s o l i d  c o l l e c t e d  was i d e n t i c a l  to  t h a t  o f
a 1 :1  m i x t u r e  o f  PCI PCl^  and PCI *SC1 i n d i c a t i n g  t h a t4 o 4 4
no r e a c t i o n  had o c c u r r e d ,  
k )  The s y n t h e s i s  o f  some P ^ C l ^ B r  a n a lo g u e s
D u r i n g  t h e  a t t e m p t s  t o  s y n t h e s i z e  some m ixed h a l i d e  
a n a lo g u e s  o f  ( PCl^"*” ) ^BC l^  C l  two p r e p a r a t i o n s  whose Raman 
s p e c t r a  b o r e  a marked s i m i l a r i t y  t o  t h a t  o f  P ^ C l ^ B r  were  p e r ­
f o r m e d ,  The e v i d e n c e  l e a d i n g  t o  t h e  p r o p o s a l  o f  t h e s e  p r o d u c t s  
as P ^ C lg B r  a n a lo g u e s  i s  d i s c u s s e d  i n  some d e t a i l  i n  C h a p t e r  3 . c 
b u t  t h e i r  p r e p a r a t i o n s  a r e  l i s t e d  b e lo w ,
3
P r e p a r a t i o n  A, PC l^  ( 2 2 , 0 0 g ,  0 , 1 6 0  m o l ,  14,01 cm ) was d i s s o l v e d  
i n  AsC l^  (20  cm^ ) f o l l o w e d  by  t h e  a d d i t i o n  o f  301^ ( 9 . 3 5 g ,
0 , 0 7 9 5  m o l ) .  The m i x t u r e  was c o o l e d  t o  0°C and s t i r r e d ,  A
3
d r o p p i n g  f u n n e l  c o n t a i n i n g  B r^  ( I 2 , 7 1 g ,  0 , 0 7 9 5  m o l ,  4 , 1 0  cm ) 
was p r e p a r e d  and a b o u t  one t h i r d  o f  t h i s  was added d r o p w i s e  to  
t h e  m i x t u r e ,  r e s u l t i n g  i n  an i nhomogenous p a l e  o ra ng e  p r e c i p i t a t e ,  
T h i s  was f i l t e r e d  o f f  and d r i e d  a t  t h e  pump, A Raman s p e c t r u m  
i n d i c a t e d  p r e d o m i n a n t l y  PC I ,  BC l^  as w e l l  as some p a r t i a l l y  
b r o m i n a t e d  t e t r a h a l o p h o s p h o r u s  c a t i o n s .  The r e m a i n d e r  o f  t he  
b v o n i A ^  was s l o w l y  added t o  t h e  f i l t r a t e  p r o d u c i n g  a deep o ra ng e
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p r e c i p i t a t e  w h i c h  was f i l t e r e d  u n d e r  washed w i t h  AsC l^  and
d r i e d  a t  t h e  pump. (F o u n d :  C l ,  6 3 . 4/L; B r ,  16 .6%)
P r e p a r a t i o n  8 . PC l^  ( 2 2 , 0 0 g ,  0 . 1 6 0  m o l ,  1 4 . 0  cm ) was d i s s o l v e d  
i n  A s c i g  (25  cmP) and BBr^  ( 2 0 . 0 S g ,  0 . 0 8 0  m o l ,  7 . 6 6  cm ^) was 
add ed .  Then,  a f t e r  c o o l i n g  t h e  m i x t u r e  t o  0°C ,  B r ^  ( I 2 . 7 1 g ,
3
0 , 0 7 9 5  m o l ,  4 ,1  cm ) was added d r o p w i s e  and w i t h  s t i r r i n g ,  a p a l e  
o r a n g e  p r e c i p i t a t e  r e s u l t e d  and t h i s  was s t i r r e d  (1 d a y ) ,  f i l t e r e d  
u n d e r  washed w i t h  A^C l^  and d r i e d  a t  t h e  pump, ( F o u n d :  C l ,
75 ,6#: ;  Br  1 0 , 9 # )  ,
1 ,  The p r e p a r a t i o n  o f  m ixed  c h lo ro b r o m o p h o s p h o n iu m  c a t i o n s :
These i o n s  were  u s u a l l y  p r e p a r e d  by t h e  r e a c t i o n  o f  P C l ^ ,
BCl^  and B r^  i n  e i t h e r  CH^Cl^ o r  - a A h y d r o u s  HCl th o u g h  o c c a s -  
i o n l l y  o t h e r  r e a c t a n t s  were  u s e d .  T h i s  r e a c t i o n  i s  t h o r o u g h l y
(3  )
documented i n  F, J ,  Ryan s '  t h e s i s  and t h e  e x p e r i m e n t s  a re
summar ized  i n  T a b le  5 , 4 ,  The co lumn  headed " p r o d u c t "  d e s c r i b e s  
t h e  n a t u r e  o f  t h e  a n i o n  a s s o c i a t e d  w i t h  t h e  c h lo r o b r o m o p h o s p h o n iu m  
c a t i o n s  and t h e  r e a s o n s  f o r  t h i s  a re  d e t a i l e d  i n  C h a p t e r  3 ,  The 
r a t i o s  g i v e n  a re  o f  t h e  r e l a t i v e  Raman i n t e n s i t i e s  o f  t h e  t o t a l l y  
s y m m e t r i c  s t r e t c h i n g  mode ( a . )  f o r  each c a t i o n ,
5 , 1 0  P r e p a r a t i o n  o f  m e t h y l h a l o p h o s p h o r a n e s  and some d e r i v a t i v e s
a) f l e t h y l t e t r a c h l o r o p h o s p h o r a n e  M e P C l^ ^ C l "
T h i s  compound was p r e p a r e d  by t h e  c h l o r i n a t i o n  o f  m e t h y l -
P f 25  3 2 )
d i c h l o r o p h o s h i n e  ’ , f iePCl^  ( 3 . 9 6 g ,  0 , 0 3 3 8  m o l )  was
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3
d i s s o l v e d  i n  CH^Cl^  (30  cm ) and th e  m i x t u r e  s t i r r e d .  The 
r e a c t i o n  v e s s e l  was c o o l e d  t o  0°C and c h l o r i n e  was s l o w l y  
a d m i t t e d  t o  t h e  m i x t u r e  v i a  a f i n e  b l e e d ,  A f a i r l y  v i g o r o u s  
r e a c t i o n  o c c u r r e d  and a w h i t e  p r e c i p i t a t e  was fo rm e d ,  'when 
th e  s o l v e n t  was d i s c o l o u r e d  t o  a p a l e  y e l l o w ,  t h e  c h l o r i n e  
a d d i t i o n  was s t o p p e d  and t h e  sys te m  warmed to  a m b i e n t .  The 
w h i t e  powder  o b t a i n e d  was f i l t e r e d  u n d e r  , washed w i t h  
CH^Cl^  and d r i e d  a t  t h e  pump, (F o u n d :  C l ,  7 5 , 3 # ;  C a l c ,  f o r
MePCl^ :  C l ,  7 5 , 5 # )
b )  M e t h y l d i b r o m o p h o s p h i n e  FlePBr^
T h i s  was r e q u i r e d  t o  p r e p a r e  MePBr^ and was s y n t h e s i z e d  
by t h e  method o f  Deng MePCl^ ( B , 5 8 g ,  0 , 0 7 3 4  m o l )  was
p l a c e d  i n  a t w o - n e c k e d  round  b o t t o m e d  f l a s k  and PBr^  ( l 9 , 8 8 g ,
3
0 , 0 7 3 4  m o l ,  7 ,1  cm ) was add ed .  The m i x t u r e  was s t i r r e d  f o r  
a b o u t  1 h o u r  and t h e n  f r a c t i o n a l l y  d i s t i l l e d .  The f r a c t i o n  a t  
140°C ( -  2°C)  was i s o l a t e d ,  
c ) f l e t h y l  t e t r a b r o m o p h o s p h o r a n e  FlePBr^ Br
/ 26 )
T h i s  was p r e p a r e d  by t h e  method o f  Deng , FiePBr^ ( 2 . 9 3 g ,
3
0 , 0 1 4 2  m o l )  was d i s s o l v e d  i n  CH^Cl^ (30  cm ) and t h e  m i x t u r e
c o o l e d  i n  an i c e - b a t h .  Then,  d r o p w i s e ,  B r ^  ( 2 , 2 8 g ,  0 , 0 2 4 2  m o l ,
3 30 , 7 4  cm ) i n  ^ B ^ C l ^  (15  cm ) was added w i t h  s t i r r i n g ,  A
v i o l e n t  r e a c t i o n  f o l l o w e d ,  n e c e s s i t a t i n g  t h e  a d d i t i o n  o f  a
f u r t h e r  20 cm^ o f  s o l v e n t ,  A y e l l o w  p r e c i p i t a t e  was fo rmed
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w h ic h  was washed ,  f i l t e r e d  and d r i e d  i n  t h e  u s u a l  man ne r .
(F o u n d :  B r ,  8 7 . 1 # ;  C a l c ,  f o r  MePBr^ :  B r ,  8 7 . 4 # )
d ) f l e t h y l t r i c h l o r o pho sphon ium t e t r a c h l o r o b o r a t e  MePCl^ BC l^
3
M e p c i^  ( l , 5 0 g ,  0 , 0 0 7 9  m o l )  was suspend ed  i n  CH^Cl^ (30  cm ) 
and a s l i g h t  exc es s  o f  BC l^  ( l . O O g ,  0 , 0 0 8 5  m o l )  was added w i t h  
s t i r r i n g .  A f t e r  a b o u t  1 h r  t h e  w h i t e  p r e c i p i t a t e  was f i l t e r e d  
u n d e r  washed w i t h  CH^Cl^ and d r i e d  a t  th e  pump. ( Fo u nd :
C l ,  8 1 , 2 # ;  C a l c ,  f o r  MePBCl^ :  C l ,  8 1 , 3 # )
e )  r i e t h y l t r i c h l o r o p h o s p h o n i u m  h e x a c h l o r o a n t i m o n a t e  FlePCl^ SbCl^
( 27 )The p r o c e d u r e  o f  S c h m id t  was used i n  t h e  p r e p a r a t i o n
o f  t h i s  compound, MePCl^ ( l , 5 0 g ,  0 , 0 0 7 9  m o l )  was suspend ed  i n  
CH2C I 2 (30 cm^) and t o  t h i s  m i x t u r e  Sb C l^  ( 2 , 4 0 g ,  0 , 0 0 8 0  m o l ,
3
1 .0 3  cm ) was added d r o p w i s e ,  w i t h  s t i r r i n g .  A f t e r  1 h r  t h e  
s t a n d a r d  f i l t e r i n g ,  w a s h in g  and d r y i n g  r o u t i n e  y i e l d e d  a p a l e  
y e l l o w  s o l i d ,  (F o u n d :  C l ,  6 5 , 1 # ;  C a l c ,  f o r  MePSbClg:  C l ,
6 5 , 5 # )
f )  M e t h y l t r i c h l o r o p h o s p h o n i u m  t e t r a c h l o r o a l u m i n a t e  M e P C l ^ ^ A l C l ^
T h i s  compound was p r e p a r e d  by t h e  method o f  D i l l o n  e t  a l
MePCl^ ( l . O O g ,  0 ,0 0 5 3  m o l )  was su spended i n  CH^Cl^  (50  cm ^)
and A l C l ^  ( 0 , 7 1 g ,  0 ,0 0 5 3  m o l )  was added to  t h i s  w i t h  s t i r r i n g  
w h i c h  was c o n t i n u e d  f o r  2 h r s .  The w h i t e  s o l i d  fo rm e d  was 
t h e n  f i l t e r e d  u n d e r  washed w i t h  CH^Cl^ and d r i e d  a t  th e
pump. (F o u nd :  C l ,  7 7 , 2 # ;  C a l c ,  f o r  f l e P A l C l ^ :  C l ,  7 7 , 4 # )
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g )  P i e t h y l t e t r a b r o m o p h o s p h o n i u m  t e t r a b r o m o b o r a t e  MePBr^^BSr^
T h i s  compound was p r e p a r e d  by  t h e  method r e p o r t e d  by
/ 26 )
Deng,  MePBr^ ( o . 6 5 g ,  0 , 0 0 1 8  m o l )  was suspended i n  Ch^
01^ (20 cm ^) and BBr^  ( 0 , 4 5 g ,  0 ,0 0 1 8  m o l ,  0 , 1 7  cm^)  was 
added w i t h  s t i r r i n g .  The b u f f  p r e c i p i t a t e  f o rm ed  was 
f i l t e r e d ,  washed and d r i e d  i n  t h e  u s u a l  manner ,  (F o u n d :
B r ,  9 0 , 1 # ;  c a l c ,  f o r  MePBBr^ :  B r ,  9 0 , 7 # )
h)  P i e t h y l t e t r a b r o m o p hosphon ium  t e t r a b r o m o a l u m i n a t e  M e P B r ^ ^ A lB r ^ '
MePBr^ ( 0 , 5 3 g ,  0 , 0 0 1 5  m o l )  was suspended i n  CH^Cl^
3
(30 cm ) and A l B r ^  ( 0 , 3 9 g ,  0 , 0 0 1 5  m o l )  was added w i t h  s t i r ­
r i n g ,  The r e s u l t a n t  y e l l o w - b r o w n  p r e c i p i t a t e  was s t i r r e d  
f o r  1 day t o  e n s u re  c o m p l e t e  r e a c t i o n ,  f i l t e r e d  u n d e r  N^, 
washed w i t h  CH^Cl^  and d r i e d  a t  t h e  pump, (Fo u n d :  B r ,
8 7 , 5 # ,  C a l c ,  f o r  P le PA lB r^ :  B r ,  8 8 . 3 # )
i ) The m e t h y l d i c h l o r o p h o s p h i n e / b r o m i n e  r e a c t i o n
T h i s  r e a c t i o n ,  o r i g i n a l l y  d i s c u s s e d  by Deng was
p e r f o r m e d  s e v e r a l  t i m e s  w i t h  v a r i o u s  r a t i o s  o f  r e a c t a n t s  to  
p r e p a r e  m i x t u r e s  o f  t h e  m e t h y l c h l o r o b r o m o p h o s p h o n i u m  c a t i o n s  
MePCl Br  ( o ^ n ^ )  i e  MePCl MePCl B r * ,  MePClBr  *  and
n  sj o  ^  ^
PlePBr^* i n  t h e  hope o f  a s s i g n i n g  t h e  r e s u l t a n t  Raman s p e c t r a .  
The e x p e r i m e n t s  a re  d e t a i l e d  i n  T a b le  5 , 5 .  The r e s u l t s  i n ­
d i c a t e d  d i f f e r e n t  p r o d u c t  r a t i o s  and a l s o  s h i f t s  i n  Raman 
f u n d a m e n t a l s  were  a p p a r e n t ,  c o i n c i d e n t  w i t h  th e  p r e s e n c e  o f
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à p o l y h a l i d e ,  a n i o n .  T h i s  b e h a v i o u r ,  a k i n  t o  t h a t  o b s e r v e d  i n  
u n m e t h y l a t e d  p h o s p h o r a n e s  i s  d i s c u s s e d  i n  C h a p t e r  5 ,  The 
r a t i o s  g i v e n  a r e  o f  t h e  r e l a t i v e  Raman i n t e n s i t i e s  o f  t h e  
t o t a l l y  s y m m e t r i c  s t r e t c h i n g  mode ( a ^ )  f o r  each c a t i o n ,  
j )  The r e a c t i o n  o f  f l e P C l ^ / B r ^  p r o d u c t s  w i t h  L ew is  a c i d s
These e x p e r i m e n t s  a r e  r e p o r t e d  i n  T a b l e  5 . 5  and were p e r ­
fo rm e d  p r i n c i p a l l y  t o  see i f  any s h i f t s  i n  t h e  Raman s p e c t r a  
c o u l d  be o b s e r v e d  when s i n g l e  h a l i d e  o r  p o l y h a l i d e  anion was 
r e p l a c e d  by  a p o l y a t o m i c  s p e c i e s .
5 .11 PREPARATION OF SOME Dlf lETHY LHALOPHCSPHORANS AND SOME DERIVATIVES
a)  Dime t h y l  t r i c h l o r o p h o s p h o r a n e  P le ^P C l^ ^C l ”
D u r i n g  t h e  c o u r s e  o f  t h i s  work  two methods were used t o
p r e p a r e  t h i s  compound and an exam ple  o f  each i s  g i v e n .
r 3 2 )i )  The d i r e c t  c h l o r i n a t i o n  o f  f le ^PC l   ^ -  t h e  p h o s p h in e
( l , 5 9 g ,  0 , 0 1 5 5  m o l )  was d i s s o l v e d  i n  ^^B^Cl^ (25  cm^)  and 
c h l o r i n e  gas was b u b b l e d  t h r o u g h  t h e  s o l u t i o n  w i t h  s t i r r i n g .  
The r e a c t i o n  v e s s e l  was c o o l e d  i n  an i c e - b a t h  and t h e  
c h l o r i n e  f l o w  c o n t i n u e d  f o r  h r ,  u n t i l  t h e  s o l u t i o n  was 
s a t u r a t e d .  The w h i t e  p r e c i p i t a t e  t h a t  had fo rm e d  was s t i r ­
r e d  f o r  a f u r t h e r  1 h r ,  c o l l e c t e d  by i n e r t  a tm o s p h e re  f i l ­
t r a t i o n ,  washed w i t h  d r i e d  a t  t h e  pump, (Fo u n d :
01,  6 3 . 8 # ;  C a l c ,  f o r  M e^PC l^ :  01 ,  5 3 , 5 # )
i i )  The c h l o r i n a t i o n  o f  t e t r a m e t h y l d i p h o s p h i n e d i s u l p h i d e  -  t h i s  
method i s  t h e  one most  f r e q u e n t l y  r e p o r t e d  i n  t h e  l i t e r a t u r e .  
( 2 6 , 2 8 , 2 9 ^  He p (s )p (s ) |V ie  ( 7 , 5 5 g ,  0 , 0 4 1 2  m o l )  was suspended
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2
i n  CCl^  (120 cm ) and c h l o r i n e  gas was b u b b l e d  t h r o u g h  th e  
s u s p e n s i o n  u n t i l  i t  was s a t u r a t e d .  T h i s  r e s u l t e d  i n  t h e  f o rm ­
a t i o n  o f  a t h i c k  y e l l o w  p r e c i p i t a t e  w h i c h  was th e n  h e a t e d  to  
r e f l u x  i n  t h e  d a r k  f o r  5 h r s .  The s o l v e n t  was now re d  and 
t h e  w h i t e  p r e c i p i t a t e  was f i l t e r e d  u n d e r  washed w i t h  001^
and 3 0 / 4 0  p e t r o l e u m  e t h e r  and d r i e d  a t  t h e  pump, (F o u n d :
C l ,  6 3 , 4 # ;  C a l c ,  f o r  F le^PC l^ :  C l ,  5 3 , 5 # )
b )  D i m e t h y I t r i b r o m o p h o s p h o r a n e  Me2PB r2* B r " )  -  a t t e m p t e d  p r e p a r a t i o n ,
The method used i n  t h i s  p r e p a r a t i o n  was t h e  b r o m i n a t i o n  o f
/ 26 )
t e t r a m e t h y d i p h o s p h i n e d i s u l p h i d e  as r e p o r t e d  by  Deng. f le^
P ( S ) P ( S ) M e 2 0 , 0 4 8 0  m o l )  was su spended i n  CCl^ (40  cm^)
and B r 2 ( 3 7 , 2 0 g ,  0 , 2 3 3  m o l ,  1 2 .0 0  cmP) d i s s o l v e d  i n  CCl^  (30  
3
cm ) was added d r o p w i s e  w i t h  s t i r r i n g .  The m i x t u r e  was c o o l e d  
i n  an i c e / s a l t  b a t h  and a s t r e a m  o f  d r y  N2 was k e p t  f l o w i n g  
d u r i n g  t h e  a d d i t i o n .  The s o l u t i o n  t u r n e d  y e l l o w  and c o n t i n u e d  
s t i r r i n g  f o r  2 h r s ,  r e s u l t e d  i n  t h e  s o l u t i o n  t u r n i n g  re d  and 
t h e  d e p o s i t i o n  o f  an o r a n g e  s o l i d .  The f i l t r a t i o n  p r o c e s s  
i s o l a t e d  a b r i g h t  o ra n g e  s o l i d  w h i c h  was washed w i t h  CCl^  and 
3 0 / 4 0  p e t r o l e u m  e t h e r  and d r i e d  a t  t h e  pump ( Fo u nd :  B r ,  8 1 , 1 # *
c a l c ,  f o r  M ÿ B r ^  : B r ,  7 9 , 7 # ;  C a l c ,  f o r  Me2P B r^ :  B r ,  8 6 , 8 # )
T h i s  a n a l y s i s  s u g g e s t s  a m i x t u r e  o f  t h e  t r i  and p e n t a b r o m id e s  
w i t h  t h e  f o r m e r  p r e d o m i n a t i n g  and t h i s  i s  c o n s i s t e n t  w i t h  t h e  
Raman s p e c t r u m  o f  t h i s  p r e p a r a t i o n .
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c )  D i m e t h y l d i c h l o r o p h o s p h o n i u m  t e t r a c h l o r o b o r a t e  H e ^ P C l^ ^ B C l^
T h i s  compound was p r e p a r e d  by a m o d i f i c a t i o n  o f  D i l l o n ’ s 
( 1 2 )me t h od  '  » f l e ^P C l^  ( 0 . 6 8 g ,  0 .0 041  m o l )  was suspended i n
2 C I 2CH l_  (20  c m ^ ) and an ex c es s  o f  BC1_ ( l . O O g ,  0 .0 0 8 5  m o l )  was
added w i t h  s t i r r i n g  and c o o l i n g  t o  0 °C .  A f l a k y  w h i t e  
p r e c i p i t a t e  s e t t l e d  o u t  and a f t e r  s t i r r i n g  f o r  f  h r ,  t h i s  was 
f i l t e r e d ,  washed and d r i e d  i n  t h e  s t a n d a r d  way.  (Fo u n d :  C l ,
7 4 . 5 # ;  c a l c ,  f o r  Me2P8C l ^ :  C l ,  7 4 . 7 # )
d ) D i m e t h y l d i c h l o r o p h o s p h o n i u m  h e x a c h l o r o p h o s p h a t e  Me2P C l 2 * P C l ^ ~
(26^T h i s  compound was p r e p a r e d  by t h e  method o f  Deng \  
Me2PCl^  ( 0 . 7 2 g ,  0 . 0 0 4 3  m o l )  was suspended i n  CH2C I 2 (20 cm ^) 
and to  t h i s  was added PC l^  ( 0 . 8 9 g ,  0 , 0 0 4 3  m o l )  d i s s o l v e d  i n  th e  
same s o l v e n t .  A w h i t e  p r e c i p i t a t e  was p ro d u c e d  and was s t i r r e d
f o r  1 h r .  b e f o r e  b e i n g  f i l t e r e d  u n d e r  N2  ^ washed w i t h  CH2C I 2 
and d r i e d  ,
C l ,  7 5 . 3 # )
a t  th e  pump. (Fo u n d :  C l ,  7 5 . 1 # ;  C a l c ,  f o r  Me P Cl  :
2 2 d
e)  D i m e t h y l d i c h l o r o p h o s p h o n i u m  h e x a c h l o r a n t i m o n a t e  Me PCI SbCl^
( 2 7 'The method o f  S c h m id t  was used t o  p r e p a r e  t h i s  compound ^
3
Ms2P C l2 ( 0 . 20g ,  0 . 0 0 1 2  m o l )  was suspend ed  i n  ( 10 cmT)
3
and Sb C l^  ( 0 . 3 5 g ,  0 . 0 0 1 2  m o l ,  0 , 1 5  cm ) was added to  t h i s .
T h i s  m i x t u r e  was s t i r r e d  f o r  10 h r s ,  and t h e n  f i l t e r e d ,  washed 
and d r i e d  by t h e  s t a n d a r d  method t o  g i v e  a w h i t e  s o l i d ,  ( F o u n d :  
C l ,  6 1 . 0 # ;  C a l c ,  f o r  Me2PS bC lg :  C l ,  6 0 , 8 # )
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f )  D i m e t h y l d i c h l o r o p h o s p h o n i u m  t e t r a c h l o r a l u m i n a t e  M e ^ P C i ^ ^ A l C i ^
Me^PCl^  ( 0 . 3 4 g ,  0 , 0 0 2 0  m o l )  was su spended i n  CH^Cl^ (15  cm^) 
and a s u s p e n s i o n  o f  A l C l ^  ( 0 . 2 7 g ,  0 , 0 0 2 0  m o l )  i n  CH^Cl^ (10  cm ) 
was added to  t h i s .  The m i x t u r e  was s t i r r e d  f o r  1 day and th e  
r e s u l t i n g  p a l e  y e l l o w  s o l u t i o n  was e v a p o r a t e d  to  d r y n e s s  to  
y i e l d  a s t i c k y  b u f f  s o l i d ,  (Fo u n d ;  C l ,  71 ,2%;  C a l c ,  f o r  
n e ^ P A l C l ^ ; *  C l ,  70 ,8%) I t  p r o v e d  i m p o s s i b l e  t o  r e c o r d  a Raman 
s p e c t r u m  o f  t h e  s u b s t a n c e  because  o f  f l u o r e s c e n c e  p r o b l e m s ,  
g ) D i m e t h l y d i b r o m o p h o s p h o n i u m  t e t r a b r o m o b o r a t e ne^PBr^'^BSr^
T h i s  p r e p a r a t i o n  was based on t h e  method o f  Deng
' 2 2 4
( 2 6 )
Ple^PBr^ ( 3 , 5 6 g ,  0 , 0 1 2 2  m o l )  was suspend ed  i n  CH^Cl^ (45  cm^) 
and a s l i g h t  e x c es s  o f  BBr^  ( 3 , 1 7 g ,  0 , 0 1 2 5  m o l ,  1 ,20  cm ^) was 
added t o  t h e  m i x t u r e .  A f t e r  s t i r r i n g  f o r  10 h r s ,  i n e r t  a tmos­
p h e re  f i l t r a t i o n ,  w a s h in g  w i t h  pumping i s o l a t e d  a
b u f f  s o l i d ,  (F o u n d :  B r ,  8 6 , 8%; C a l c ,  f o r  Me^PBBr^ :  B r ,  87 ,0%)
h)  D i m e t h y l d i  b r o m o p h o s p h o n i u m t e t r a b r o m o a l u m i n a t e
Me^PBr^  ( 0 , 9 5 g ,  0 , 0 0 3 2  m o l )  was suspended  i n  CH^Cl^ (25  cm^) 
and A l B r ^  ( 0 , 8 4 g ,  0 , 0 0 3 2  m o l )  d i s s o l v e d  i n  t h e  same s o l v e n t  
(20  cm ) was added t o  t h i s  m i x t u r e ,  A red  s o l u t i o n  was fo rm ed  
and was pumped u n t i l  s o l i d  was p r e c i p i t a t e d .  The m i x t u r e  was 
t h e n  f i l t e r e d  as u s u a l  t o  y i e l d  a b u f f  s o l i d  w h i c h  was d r i e d  a t  
th e  pump, (F o u n d :  B r ,  83 ,9%;  C a l c ,  f o r  M e ^ P A lB r ^ :  B r ,  84 ,6%)
27S
i ) The d i m e t h y l c h l o r o p h o s p h i n e / b r o m i n e  r e a c t i o n
( "^5 )T h i s  r e a c t i o n  was d i s c u s s e d  i n  Deng ' s  t h e s i s  , The
p o s s i b l e  p r o d u c t s  o f  t h i s  r e a c t i o n  c o u l d  c o n t a i n  t h e  p a r e n t
d i m e t h y d i c h l o r o - a n d  d i m e t h y l d i b r o m o p h o s p h o n i u m  c a t i o n s  as
w e l l  as t h e  m ixed  d i m e t h y c h l o r o b r o m o p h o s p h o n i u m  c a t i o n  i e
Me PCI B r „  (Ocn<2 ) .  The r e a c t i o n  was p e r f o r m e d  s e v e r a lZ n Z—n ^
t i m e s  and t h e  r e s u l t s  a r e  summ ar ised  i n  T a b le  5 . 7 ,  The r a t i o s  
g i v e n  a r e  o f  t h e  r e l a t i v e  Raman i n t e n s i t i e s  o f  t h e  t o t a l l y  
s y m m e t r i c  s t r e t c h i n g  ( a ^ )  f o r  each c a t i o n ,  
j )  R e a c t i o n  o f  M e ^ P C l / B r ^  p r o d u c t s  w i t h  L ew is  a c i d s
t h e s e  r e a c t i o n s  was p e r f o r m e d  t o  i n v e s t i g a t e  any s h i f t s  
i n  t h e  Raman s p e c t r a  o f  t h e  d i m e t h y l d i h a l o p h o s p h o n i u m  c a t i o n s  
when t h e y  a re  a s s o c i a t e d  w i t h  p o l y a t o m i c  a n i o n s .  D e t a i l s  a re  
g i v e n  i n  T a b le  5 , 8  and t h e  r e s u l t s  a re  d i s c u s s e d  i n  C h a p t e r  4 ,
2 , 1 2  PREPARATION OF TRIMETHYLHAL0PH05PHGRAf\i£S AND SOME DERIVATIVES
a)  T r i m e t h y l d i c h l o r o p h o s p h o r a n e  Me^ PC l^C l
Me^P ( l , 1 9 g ,  0 , 0 1 5 5  m o l )  was d i s s o l v e d  i n  CH^Cl^ (20  cm^) 
and c h l o r i n e  was b u b b l e d  t h r o u g h  t h e  s o l u t i o n  w i t h  s t i r r i n g  and 
c o o l i n g  t o  0 °C ,  A w h i t e  p r e c i p i t a t e  was fo rm e d  and t h e  c h l o r i n e  
a d d i t i o n  was c o n t i n u e d  u n t i l  t h e  s o l v e n t  became d i s c o l o u r e d .
The s o l u t i o n  was t h e n  s t i r r e d  f o r  1^ h r s  and f i l t e r e d  i n  th e  
u s u a l  way y i e l d i n g  a f l u f f y  w h i t s  s o l i d .  The Raman s p e c t r u m
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o f  t h i s  i n d i c a t e d  an im p u r e  p r o d u c t  so t h e  s o l i d  was suspended 
2
i n  PCl^  (20  cm ) and s t i r r e d  f o r  15 h r s .  S ubsequen t  f i l t r a t i o n  
and pumping r e s u l t e d  i n  a w h i t e  s o l i d .  (Fo u n d :  C l ,  48 .2%;
C a l c ,  f o r  M e^ PC l^ :  C l ,  48 .3%)
b )  T r i m e t h y l d i b r o m o p h o s p h q r a n e  Me^PBr^Br
An e x t e n s i o n  o f  D e n g ’ s method was used i n  t h i s  p r e p a r a t i o n  
Me^P ( l . G 6g ,  0 . 0 1 3 9  m o l )  was d i s s o l v e d  i n  CH^Cl^ (20  cm^)
and t h e  m i x t u r e  c o o l e d  t o  0 °C ,  Then B r ^  ( 2 . 2 2 g ,  0 ,0 1 3 9  m o l ,
3 30 , 7 2  cm ) d i s s o l v e d  i n  CH^Cl^ ( 10 cm ) was added t o  t h i s  d r o p -
w i s e ,  r e s u l t i n g  i n  an i n s t a n t  y e l l o w  p r e c i p i t a t e .  T h i s  was
s t i r r e d  f o r  1 h r ,  and f i l t e r e d  i n  t h e  u s u a l  way.  The im p u re
2
p r o d u c t  was t h e n  suspe nd ed  i n  PBr^  (20  cm ) ,  s t i r r e d  f o r  12 h r s ,  
and t h e n  r e f i l t e r e d  and pumped t o  d r y n e s s ,  (F o u n d :  B r ,  57 ,5%;
C a l c ,  f o r  Me^PBr2 : B r ,  57 ,5%)
c )  T r i m e t h y l c h l o r o p h o s p h o n i u m  t e t r a d h l o r o b o r a t e  M e ^ P C l^ B C l^ "
( 1 2 )T h i s  compound was p r e p a r e d  by t h e  method o f  D i l l o n  e t  a l
2
Me^PCl^ ( 0 , 3 5 g ,  0 , 0 0 2 4  m o l )  was suspe nd ed  i n  ^ B ^ C l^  (20  cm ) 
and e xcess  BCl^  ( 1 , 5 0 g ,  0 , 0 1 2 8  m o l )  was added t o  t h i s  m i x t u r e ,
A w h i t e  p r e c i p i t a t e  f o rm ed  i n s t a n t l y  and was s t i r r e d  f o r  10 h r s ,  
b e f o r e  ' f i l t e r i n g ,  w a s h in g  and d r y i n g  by t h e  u s u a l  method ,  (F o u nd :  
C l ,  55 ,3%;  C a l c ,  f o r  Me^PSCl^ :  C l ,  57 ,1%)
d )  T r i m e t h y l c h l o r o phosph on ium h e x a c h l o r o p h o s p h a t e  M e^PC l^P C lg "
Me^PCl^ ( 0 , 1 9 g ,  0 , 0 0 1 3  m o l )  was suspended  in.  CH^Cl^ (20  cm^) 
and to  t h i s  was added PC l^  ( 0 . 2 7 g ,  0 , 0 0 1 3  m o l )  d i s s o l v e d  i n  t h e
2 Q 0
3
same s o l v e n t  (10  cm ) .  The m i x t u r e  was s t i r r e d  f o r  2 days  and 
t h e  f i n e  w h i t e  p r e c i p i t a t e  was f i l t e r e d  u n d e r  washed w i t h
CH2C I 2 and d r i e d  a t  t h e  pump. ( F o u n d :  C l ,  59 ,5%;  C a l c ,  f o r
69,8%)
e )  T r i m e t h y l c h l o r o p h o s p h o n i u m  h e x a c h l o r o a n t i m o n a t e  Me_PCl*SbCl%"
,—  j  b
(27T h i s  compound was p r e p a r e d  by t h e  method o f  S c h m id t  '
30,31) ^
®3*^^^2 ( 0 . 2 0 g ,  0 , 0 0 1 4  m o l )  was suspended i n  ^H ^C l^
3
(20 cm ) and a s l i g h t  e x c es s  o f  S bC l^  ( 0 , 4 2 g ,  0 , 0 0 1 4  m o l ,
3
0 , 1 8  cm ) was added t o  t h i s  w i t h  s t i r r i n g ,  A p a l e  y e l l o w
p r e c i p i t a t e  f o rm e d  and was f i l t e r e d  u n d e r  N^, washed w i t h  CH^
C l 2 and d r i e d  a t  t h e  pump t o  y i e l d  a w h i t e  s o l i d ,  ( F o u n d :  C l ,
55 ,5%;  C a l c ,  f o r  M e^ PSbC l^ ;  C l ,  55 .7%)
f )  T r i m e t h y l b r o m o p h o s p h o n i u m  t e t r a b r o m o b o r a t e  Me^PB r^ BB r^ "
( 25 )T h i s  compound was p r e p a r e d  by  t h e  method o f  Deng '
Me^PBr2 ( 0 » 4 5 g ,  0 , 0 0 1 9  m o l )  was su spended  i n  (20  cm^)
3
and a s l i g h t  e xcess  o f  BBr^  ( 0 , 5 3 g ,  0 ,0021 m o l ,  0 . 2 0  cm ) was 
added w i t h  s t i r r i n g .  The m i x t u r e  was s t i r r e d  f o r  a f u r t h e r  5 h r s ,  
b e f o r e  t h e  b u f f  p r e c i p i t a t e  was i s o l a t e d  by t h e  s t a n d a r d  f i l t r a ­
t i o n ,  w a s h in g  and pumping t e c h n i q u e s ,  (F o u n d :  B r ,  81 ,4%;  C a l c ,
f o r  Me^PBBr^ :  B r ,  82 ,1%)
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Variable-temperature Raman Spectra of Phosphorus(v) Chloride and 
Bromide deposited at 15 K
B y A r t h u r  F i n c h , P e t e r  N . G a t e s , and A l a n  S. M u i r  
{The Bourne Laboratory, Royal Holloway College, University o f London, Egham, Surrey  T W 2 0  OEX)
Sum m ary  Variable-tem perature (15 K — ambient) Ram an  
spectra of solid PCI, and P B r, deposited a t 15 K  from  
the vapour, phase are interpreted in terms of ionic and 
covalent species.
In  this Communication we present the Ram an spectrum  
of the subhmation products of PBr^ and contrast this w ith  
the very different results obtained for PCI,.
P h o s p h o r u s  p e n t a c h l o r i d e  exists in a variety  of forms:
(i) in  the sohd state as ionic species^ (e.g'., phase I I ,  the 
normal room-tem perature modification, P C l^  PC1% and 
phase I I I ,  the so-called metastable form,* 2PCl i ’PCl7Cl“ ),
(ii) in  the gas phase as a trigonal-bipyram idal (t.b.p.) 
species®*  ^and (iii) in  solution as either the t.b.p. form or an 
ionic species depending on the nature of the solvent.® 
The low-tem perature infra-red spectrum of PClg condensed 
from the vapour phase on to a cooled plate a t 90 K  is 
consistent w ith  the t.b .p . species ; on warming, this 
irreversibly isomeries to the phase I I  modification, P C lt  
PC17.* The Ram an spectrum’ of a similar low-tempera­
ture sample is also consistent w ith  the t.b.p. form.
Phosphorus pentabromide is very different, existing as 
P B r ^ B r -  in the sohd state,® *• but fuUy dissociated into P B r, 
and B r, in  a wide variety  of solvents.^® No structural data  
have been reported on the nature of the vapour-phase 
species above sohd P B rj, but vapour-pressure measure­
ments"»^* suggest complete dissociation into P B r, and B r„  
a t least above 305 K .
500 400 too
F igure 1. Raman spectra of PBr, deposited at 15 K  (- 
and wanned to 126 K  (------------ ).
J.C.S. Ch e m . Com m ., 1981 813
The Ram an spectrum of a sample of P B ^ , sublimed from  
ca. 273 K  on to a liquid helium-cooled (A ir Products 
Displex system) copper plate a t ca. 15 K  is shown in Figure 
1; wavenumbers are listed in the Table. This spectrum is
Table. R am an w avenum bers/cm -^ of phosphorus pen ta­
bromide deposited a t 15 K and warmed to  200 K  and 230 K.
15 K  200 K
(disordered 
P B r t  B r,- and (disordered
PBr,)
494 (w,br.)
381 (w,br.)
346 (vw) 
269 (vs) 
247 (vs) 
177 (vw) 
163 (m-w)
144 (m)
119 (w)
103 (vw)
74 (w)
P B r+  Br-) 
477 (m.br.)
233 (s.br.) 
144 (s)
73 (m)
230 K
(lattice-ordered 
P B r+  Br-)
4821 
475 Ww)
470 J
229(vs)
1411 
147 Wm) 
157 J
73 (m)
Assignment
v,(f,) PB r+
Vi(oi)- and 
V8(c)-PBr,
Vi(Z+) Br7
vd«x) P B r+  
?
Va(«i) PB r, 
v ,(g  PB r+  
v.(g) PB r, 
v,(c) PB r+
not interpretable as resulting either from an in tact t.b.p. 
P B r, molecule (analogous to the PCI, system) or from  the  
simple dissociation products P B r, and Br,. The presence 
of P B r, is confirmed by the positions and intensities of the  
bands a t 119, 163, and 381 cm~^, compared w ith  those 
from an authentic sample deposited and maintained under 
the same conditions. However, the characteristic B r -B r  
stretching mode a t 297 cm~^ associated w ith  solid-phase 
elemental B r, is not observed. The strong band a t 269 cm~^ 
is reasonably attribu ted  to a polybromide species such as 
Br% ."  O ther bands in the spectrum are clearly associated 
w ith  the P B r^  io n ,"  and we propose the form ulation  
P B r^ B r7  for this species (see Table for assignments). 
Comparison of the rather broad bands in this spectrum  
w ith  those of an authentic sample of PBr;|^Br7^®'" suggests 
th a t the low temperature, vapour-condensed sample con­
sists of random ly orientated crystallites, consistent w ith  
the very rapid condensation from the gas phase. On slow 
warm ing from  15 K  the bands attribu ted  to B r7  (269 cm~^) 
and P B r, (119, 163, and 381 cm'^) gradually reduce in 
intensity (Figure 1) until only the bands due to PBr;J' 
remain. The disappearance of these bands is complete a t
2 P B r t  B r -  (c)
lattice-ordered, 
298 K
Z  2 P B r, (g) 4- 2 B r, (g)
warm ing rapid cooling
warm ing
2 P B r t  B r -  (c) -------------  P B r+  Br% - f  P B r, (c)
lattice-disordered, 
ca. 180 K
lattice-disordered, 
15 K
ca. 180 K  and presumably results from the solid-phase 
reaction of P B r, and Br%, since vaporisation loss of bromine 
from the tribrom ide ion, or of P B r, from the sohd is unhkely  
at these low temperatures. A t  ca. 230 K  the remaining  
bands have sharpened to give the characteristic spectrum  
of poly crystalline P B r t  B r - ,  presumably owing to an 
ordering of the crystal lattice w ith  increasing tem perature  
(Scheme 1 and Figure 2). Prelim inary attem pts to isolate 
the vapour-phase products in a m atrix  of sohd argon 
resulted only in the spectrum of the dissociation products 
P B r, and B r, being observed. Hence this work provides 
no evidence for the existence of the t.b.p. form of P B r„  
consistent w ith  earher measurements.
500 400 300 , 200
Av/cm
100
Figure 2. R am an spectra of the  same sample of PB r, warmed 
to 200 K (----------) and 230 K (------------).
The Ram an spectrum of PCI,, sim ilarly subhmed, is 
fu lly  in accord w ith  previous infra-red® and Ram an’ results 
and is unambiguously attribu ted  to the t.b .p . structure, in 
sharp contrast w ith  the behaviour of the pentabromide. 
On warming, the behaviour of PCI, is in agreement w ith  
previous infra-red work, viz., eventual isomerisatiop to the 
ionic phase-H modification, PC l^  PC17- However, as w ith
P C lt  PC17 (c)
phase I I ,  298 K  
warming
2 PCI, (c;
[2 PCI, ^  2 PC I, -h 2 Cl,} (g)
rapid cooUng
warm ing
(t.b.p.) <-------------  2 PC I, (c) (t.b.p.)
lattice-ordered, ca. 130 K lattice-disordered, 15 K
the P B r, system, a distinct sharpening of the bands ocdWrs 
at about 130 K , indicative of an ordering of the lattice  
from the disordered state resulting from the in itia l vapour 
deposition (Scheme 2). Interestingly, there is no evidence
814 J.C.S. C hem . Comm., 1981
for the p h ase -III modification which m ight have been W e thank Humberside County Council for a Research 
expected to form under these conditions.^® A pparently the Assistantship (A. S. M .). 
production of this phase from vapour deposition procedures
is critically dependent on, inter alia, apparatus geometry. {Received, \9>th M ay  1981; Com. 593.)
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